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Kurzfassung
Wegen seiner großen verfu¨gbaren Bandbreite und der hohen erlaubten Sendeleistung er-
weist sich der unlizensierte Frequenzbereich um 60 GHz als hervorragend geeignet fu¨r die
Realisierung drahtloser Multi-Gigabit-Kommunikationssysteme. Wa¨hrend des Entwick-
lungsprozesses solcher Systeme ist eine detaillierte Kenntnis des Funkkanals unerla¨sslich.
Unter Beru¨cksichtigung offener Fragestellungen leistet die vorliegende Dissertation einen
wesentlichen Beitrag zum Wissensstand auf dem Gebiet der 60-GHz-Kanalcharakteri-
sierung. Im Vordergrund steht dabei die Abschattung durch Personen, die bei Tra¨ger-
frequenzen um 60 GHz zu einer hohen und gleichzeitig zeitvarianten Funkfeldda¨mpfung
fu¨hrt.
Um realistische Ergebnisse zu liefern, sind im 60-GHz-Bereich komplexe Funkkanalmod-
elle erforderlich, die insbesondere Winkelinformationen am Sender und Empfa¨nger enthal-
ten und die zeitvariante Abschattung durch Personen beru¨cksichtigen sollten. Beides ist
notwendig, um intelligente Antennensysteme evaluieren zu ko¨nnen. Solche umfassenden
Modelle sind bisher nicht verfu¨gbar und stellen deshalb ein wesentliches Ziel dieser Dis-
sertation dar. In der Arbeit werden verschiedene Szenarien untersucht, die alle stationa¨re
Sender und Empfa¨nger enthalten. Die zeitinvarianten Eigenschaften werden dabei mit
einem deterministischen Ray-Tracing-Tool modelliert. Zur Validierung und Kalibrierung
des Tools werden aufwa¨ndige breitbandige Kanalmessungen durchgefu¨hrt. Diese Mes-
sungen liefern gleichzeitig Aufschluss u¨ber die Beschaffenheit des Kanals hinsichtlich der
Verteilung von Angle-of-Arrival und Angle-of-Departure. Daru¨ber hinaus wird die Rele-
vanz von Beugungseffekten im mm-Wellenbereich untersucht, basierend sowohl auf Aus-
breitungsmessungen als auch auf Ray-Tracing-Simulationen.
Zudem werden in der Arbeit verschiedene elektromagnetische Modelle zur Beschreibung
der menschlichen Abschattung in einer vergleichenden Studie analysiert und messtech-
nisch validiert. Hierbei ist insbesondere ein auf Knife-Edge-Beugung basierendes selbst
entwickeltes Abschattungsmodell zu nennen, das aufgrund seiner guten U¨bereinstimmung
mit den Messungen bei gleichzeitiger geringer Rechenzeit im weiteren Verlauf der Arbeit
genutzt wird. Zusammen mit dem Ray-Tracing-Simulator stellt es ein breitbandiges zeit-
variantes deterministisches Kanalmodell dar.
Um anderen Nutzern die Mo¨glichkeit zu geben die Ergebnisse direkt und in einfacher Art
und Weise zu verwenden, werden in der Dissertation zwei stochastische Modelle entwickelt,
und zwar ein semi-statischer und ein vollsta¨ndig zeitvarianter Ansatz. Das erst genannte
Modell basiert vollkommen auf Simulationsdaten des oben genannten deterministischen
Ansatzes. Das zweite Modell verbindet empirisch gewonnene Daten u¨ber die Abschattung
mit Ray-Tracing-Simulation in einem hybriden Ansatz. Beide Modelle sind in das Cluster-
basierte IEEE802.11ad -Funkkanalmodell eingeflossen. Die Modelle reproduzieren den
Einfluss menschlicher Aktivita¨t und beru¨cksichtigen bis zu zehn Personen. Insbesondere
das zeitvariante Modell ist das erste breitbandige Modell seiner Art im 60-GHz-Bereich.
Neben den Funkkanaluntersuchungen werden Antennenkonzepte zur Verminderung der
Beeintra¨chtigung durch Personen analysiert. Als Grundlage wird das in der Arbeit en-
twickelte deterministische Funkkanalmodell genutzt. Unter Beru¨cksichtigung der An-
forderungen an das Gesamt-U¨bertragungssystem wird dabei abschließend gezeigt, dass
Makrodiversita¨t und Beamforming eine wirksame Maßnahme gegen Abschattung durch
Personen darstellt.
Abstract
Driven by the ever increasing capacity of storage devices and HD video streaming applica-
tions, there will be a strong demand for wireless multi-Gbps consumer applications soon.
Due to its large available bandwidth and the high allowed transmit power, the unlicensed
frequency range around 60 GHz is proving ideal for the realization of such systems. During
the development process of 60 GHz multi-gigabit wireless systems, a detailed knowledge of
the radio channel is essential. Taking into account research gaps, this dissertation makes
a significant contribution to knowledge in the field of 60 GHz channel characterization.
The focus is on human shadowing and its influence on the channel characteristics, which
leads to a high and time-variant path loss.
In order to provide realistic results, sophisticated radio channel models are required for
the 60 GHz range. In particular, they should include information in the spatial domain at
the receiver and the transmitter as well as take into account time-varying human shadow-
ing. The angular information is necessary in this case to evaluate smart antenna systems.
Such comprehensive models are not yet available and therefore represent a major outcome
of this dissertation. Various propagation scenarios with stationary transmitters and re-
ceivers are analyzed. The time-invariant properties are modeled utilizing a deterministic
ray tracing tool. In order to validate and calibrate the tool extensive broadband channel
measurements are performed. at the same time, these measurements provide information
about the radio channel with respect to the angle of arrival and angle of departure prop-
erties. In addition, the relevance of diffraction effects in the mm-wave range is studied,
based on both propagation measurements as well as ray tracing simulations. Further-
more, different electromagnetic models to describe the human shadowing are analyzed in
a comparative study as well as validated by measurements. Here, a self developed model
should be highlighted, which is based on knife edge diffraction. It is characterized by a
good agreement with measurement results and a very low computational effort. Together
with the ray tracing simulator it provides a broadband time-variant deterministic channel
model.
In order to make the results directly applicable for future research, stochastic models are
developed in the thesis, namely a semi-static and a fully time-variant approach. The first-
mentioned model is based entirely on simulation data of the above deterministic approach.
The second model combines empirically obtained data from shadowing measurements with
ray tracing simulation in a hybrid approach. Both complement the time-invariant cluster-
based IEEE802.11ad radio channel model. The models reproduce the influence of human
activity and consider up to ten people. Especially the time-variant model is the first
wideband model of its kind in the 60 GHz range.
In addition to the radio channel investigations, antenna diversity concepts reducing the
impairments of human shadowing are analyzed. For this purpose, the validated deter-
ministic approach mentioned above is utilized. Finally, taking into consideration the
requirements of the overall transmission system, it is demonstrated that macro diversity
and beamforming is an effective countermeasure to human shadowing.
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Wireless local area networks (WLANs) and wireless personal area networks (WPANs)
have become indispensable and integral parts of our everyday lives, either in the home
environment or at public places like hotels, restaurants and office buildings. Nevertheless,
the ever increasing demand for higher transmission rates will soon reach the limits of the
established systems. These systems, typically use frequency bands at 2.4 GHz and 5 GHz
with available channel bandwidths of up to 40 MHz. Besides the possibility to increase
the spectral efficency at these bands, one solution to reach higher data rates is a shift
to higher carrier frequencies, where larger bandwidths are available [Laska07]. Here, the
mm-wave frequency range is of special interest, as the 60 GHz band (57 - 66 GHz) offers
a continuous bandwidth of at least 5 GHz in many countries worldwide. In combination
with the relatively high allowed transmit power of up to 40 dBm EIRP (equivalent isotrop-
ically radiated power), multi-gigabit transmission generally becomes feasible without high
requirements to the spectral efficiency [Yong11]. However, due to the small wavelength of
mm-waves, the free space loss is inherently much higher than at 2.4 and 5 GHz. Further-
more, the presence of moving people may cause an additional signal attenuation, which
is also higher than that at microwave frequencies. For these reasons, potential 60 GHz
systems will be limited to operate in single rooms and at distances of less than 10 me-
ters [Smuld95]. Even for the coverage of single rooms, antenna diversity and beamforming
techniques will have to enhance the link budget by realizing high antenna gains in order to
countermeasure the high propagation losses [Yong11]. Accordingly, a huge development
effort is necessary to make the band accessible for wireless communication applications,
as partly totally new technologies have to be used.
In the development process of modern wireless communication systems, computer simu-
lations play a key role. They support the design process already at a very early stage.
For link level simulations, a precise knowledge of the radio channel is essential. This
thesis contributes to this knowledge and is dedicated to support the development and
optimization of wireless indoor communication systems at millimeter-wave frequencies. It
addresses basic propagation mechanisms at mm-wave frequencies, the holistic character-
ization of the time-variant 60 GHz radio channel and the evaluation of antenna diversity
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techniques and beamforming. As it is a severe problem at 60 GHz, a special interest is
always devoted to the impact of human activity.
1.1 Current Wireless Multi-Gigabit Indoor
Communication Systems at 60 GHz
Using the mm-wave band for broadband indoor wireless communication systems has been
already proposed around 1990 [Thare88,Smuld95]. However, it was to take about 20 years
before the first commercial products have been available. This has only become possi-
ble, since silicon process technologies and low-cost integration solutions suitable for mass
production have arisen in recent years [Yong11]. Besides the possibility to realize such
high-rate systems, nowadays there is also an actual need for them. The maximum data
rates of established technologies like IEEE802.11n (240 Mbps) [IEEE809a] or Bluetooth
(2.1 Mbps) [IEEE805] will soon become insufficient for several applications. The following
list compiles some of these applications:
. The replacement of HDMI (High-Definition Multimedia Interface) [HDMI12] or
DisplayPort [Kobay12] cables, which offer a throughput of up to 10.2 Gbps and
21.4 Gbps respectively (see Fig. 1.1a).
. High quality video streaming solutions similar to today’s DLNA (Digital Living
Network Alliance), AirPlay or Miracast [DLNA12, AirP13, WiFi12].
. Typical WLAN applications and Gigabit Ethernet cable replacement.
. Kiosk download applications for ultra fast file transfers (see Fig. 1.1b).
. The ultra short range connection between data storage devices.
(a) Wireless HDMI replacement. (b) Kiosk download application.
Figure 1.1: Exemplary application scenarios.
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As it can be seen, the main technology drivers are high definition video applications and
the growing storage capacities of electronic devices. Upon publication of this thesis, five
60 GHz standards are available, addressing these applications. Table 1.1 compares the
data rates of the standards with that of IEEE802.11n and Bluetooth.
The Ecma-387 standard specifies a physical layer (PHY), distributed medium access
control (MAC) sublayer, and an HDMI protocol adaptation layer (PAL) for bulk data
transfer as well as video streaming applications [ECMA08]. The standard distinguishes
between three types of devices with trainable and non trainable antennas. They mainly
differ in their use cases, namely 10 meter line-of-sight/non-line-of-sight (LOS/NLOS)
multipath environments, short range (1-3 meter) LOS links and point-to-point links at
less than 1 meter range. The Ecma standard defines a maximum data rate of 6.35 Gbps
for a single channel and 25.41 Gbps for four bonded channels.
The IEEE802.15.3c Task Group (TG3c) was formed in March 2005 to develop a mm-wave-
based alternative PHY for the existing 802.15.3 wireless personal area network (WPAN)
Standard 802.15.3-2003 [IEEE803]. In [Sadri07], five usage models have been defined
ranging from uncompressed video streaming to kiosk file-downloading. The standard has
been completed in 2009 and provides data rates of up to 5.67 Gbps [IEEE809b].
The WirelessHD consortium, an industry-led association, has published their first spe-
cification in 2007 and made it available for adoption in January 2008 [Wirel07]. This
specification is based on parts of the IEEE802.15.3c standard and focuses on high defi-
nition (HD) audio and video streaming for a typical range of 10 meters. It distinguishes
between eleven use cases with different data rates, e.g. a use case with three different
streams for HD video, compressed A/V signals or pure audio signals. Here, the defined
layers (PHY, MAC and adaption sublayer) are similar to the ones defined in the Ecma-387
standard. The specification defines two different methods of beamforming, depending on
the type of device used. In the current version of the specification, the data rates, which
are adapted to the video streaming application, can amount to up to 7.1 Gbps supporting
3D TV and 4K resolution [Wirel10].
Another industry led consortium is the Wireless Gigabit Alliance (WiGig), which focuses
on connectivity among PCs, consumer electronics and handheld devices [WiGig12]. It
Table 1.1: Overview of 60 GHz standards and comparison with established systems.
System Frequency Band Ch. Bandwidth Max. Data Rate Published
Bluetooth 2.4 GHz 1 MHz 2.1 Mbps 2005











IEEE802.15.3c 5.67 Gbps 2009
WirelessHD 7.1 Gbps 2010
WiGig 7 Gbps 2010
IEEE802.11ad 6.8 Gbps 2012
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has been formed in May 2009 by several companies from different industrial sectors rang-
ing from semiconductor manufacturers to software developers. The group finalized their
specifications in 2010 which define data rates of up to 7 Gbps [WiGig12].
The WiGig specifications in turn have served as a standard draft for the IEEE802.11ad
Task Group (TGad). Similar to TG3c, TGad was formed in 2009 as an amendment
to the existing IEEE802.11 standards. [Perah08] summarizes the goal of this group as
follows: This amendment defines standardized modifications to both the 802.11 physical
layers (PHY) and the 802.11 Medium Access Control Layer (MAC) to enable operation
in the 60 GHz frequency band (typically 57-66 GHz) capable of very high throughput.
The final specifications have been published in 2012 and support data rates of up to
6.76 Gbps [IEEE812]. The standard also defines beamforming protocols in which the gen-
eral framework and messaging are defined [Corde10]. It is noteworthy that this thesis
is connected to the IEEE802.11ad standardization process, as the author actively par-
ticipated in the development of the radio channel model in the early phase of TGad .
Upon the publication of this thesis, WirelessHD-conformal chipsets are available on
the market and IEEE802.11ad -conformal chips are announced by several manufactur-
ers [Ahler12]. While WirelessHD devices are intended for A/V applications, the focus of
the IEEE802.11ad is broader and adresses all of the applications mentioned above. The
Ecma-387 standard seems to play no further role. The same holds for IEEE802.15.3c
as WirelessHD already provides a further development of this standard. As mentioned
above, the WiGig specifications are quasi-identical to IEEE802.11ad.
1.2 State of the Art of Relevant Research Topics
Although 60 GHz multi-gigabit devices are already available, there is still a demand for
research, even on fundamental topics like propagation and channel modeling, as they
are not fully explored yet. In this section, the state of the art of research fields which
are relevant for this thesis are given, namely propagation and channel modeling and the
performance evaluation of antenna diversity techniques and beamforming as a counter-
measure to human blockage. Please note that the focus lies on 60 GHz indoor applications
only. The section is meant to briefly review the evolution of research from early work to
the very recent work. On this base, the section identifies research gaps and puts the thesis
into a context by pointing out its relationship to other work.
1.2.1 60 GHz Radio Channel Modeling
The fundamental propagation mechanisms like reflection or scattering at typical indoor
building materials as well as transmission through objects have been thoroughly studied
at 60 GHz [Sato97,Lange02,Coche05,Rappa11]. The only exception is the diffraction at
4
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objects like partition walls or other furniture, which will be adressed in this thesis. Until
now, only rudimentary studies exist [Thare88,Malts10b].
Typically, the relevant radio channel properties are divided into large-scale and small-
scale effects. The large-scale properties (path loss and shadowing) have been subject to
many investigations reaching back to the 1990s (see e.g. [Bense91, Xu02, Kyro12]). The
path loss is commonly modeled by a log-distance dependency together with log-normal
distributed shadowing. Usually, a distinction is drawn between LOS and NLOS situations.
Most of the models are based on measurements, some are based on simulations like ray
tracing (RT). Extensive overviews about path loss models with data for several different
indoor environments can be found in [Smuld09,Yong11]. In addition, it is noteworthy that,
although the atmospheric attenuation at 60 GHz is significantly higher than at microwave
frequencies, it has virtually no influence on indoor short range applications [Yong11].
The small-scale effects in indoor environments have been characterized experimentally
as well as theoretically (see e.g. [Smuld97, Xu02, Yang08b, Geng09]). In order to model
the small-scale properties of broadband radio channels, channel impulse response (CIR)
models are typically used. Deterministic models are mainly based on RT techniques,
which have been proven valid in the 60 GHz range [Smuld94, Youss94, Peter07, Garci11].
Stochastic models give other researchers the possibility to use them without a high
implementation effort. They are based on measurement or RT data, where also hy-
brid approaches can be found. A variety of stochastic models exist for different envi-
ronments, namely corridors, conference and office rooms, living rooms and even hos-
pitals. [Smuld95, Hubne97, Zwick05, Kyro12] are examples for stochastic models, which
generate CIR realizations in time domain only for a specific antenna configuration. How-
ever, in order to evaluate systems that employ beamforming techniques, double directional
channel models are needed [Stein01]. Here, in addition to the time domain, the spatial
domain has to be considered also. A variety of experimental investigations considering the
spatial domain can be found in literature. However, mostly, they are limited to angle of
arrival (AoA) measurements, e.g. [Xu02,Sarri07,Morai10]. For this reason, measurements
are conducted and analyzed in the framework of this thesis, which focus on the spatial
channel properties, namely the angular dispersion of AoA as well as angle of departure
(AoD). Only few similar measurement results have been shown just recently at 60 GHz
and in parallel to this thesis [Malts09,Malts10b,Sawad09].
Stochastic channel models including the angular domain do also exist. For instance, such
a model has been developed in 2006, in the framework of IEEE802.15.3c [Yong06]. This
model adopts the Saleh-Valenzuela-cluster-approach [Saleh87] with added AoA informa-
tion. It is based on measurements in different environments and has been extensively
used for the evaluation of 60 GHz transmission techniques. However, it lacks infor-
mation about AoD and the polarimetric properties of the modeled multipath compo-
nents (MPCs). The first stochastic 60 GHz channel model including information about
AoA as well as AoD was not available until 2010, when TGad finished its work on chan-
nel modeling [Malts10d]. The statistics in this model are based on hybrid data from
both measurements and RT respectively. Although polarization has been analyzed be-
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fore [Manab96, Manab95, Zhao03, Yıldı08], the TGad model is also the first fully polari-
metric stochastic 60 GHz model. The author of this thesis has contributed to the TGad
model, by introducing human blockage. Therefore a basic knowledge of this model will
be required for a better understanding of this thesis. For this purpose, an overview about
the model can be found in Appendix A.
In an environment with stationary devices like in typical indoor scenarios, non-stationarity
of the 60 GHz channel mainly results from moving people. Measurements have shown
that at 60 GHz MPCs are not fully blocked by persons, but rather attenuated by a
certain amount. In literature, it has been reported that in the 60 GHz frequency band
people may attenuate the received signal by more than 20 dB [Sato98,Flame00,Collo03a,
Collo03b, Collo04, Garci10c, Garci10b]. The duration of shadowing events was found to
be wide spread. As a key figure, 300 to 550 ms can be found in [Collo04, Collo03a,
Collo03b]. Other important parameters such as amplitude, rising time and occurrence
rate of fading events were investigated experimentally. This has been done e.g. in typical
indoor environments [Sato98, Flame00, Collo03a], in a kiosk scenario [Garci11] and even
in an airplane [Garci10c,Garci10b].
Besides the sole description of human blockage, deterministic channel models taking into
account human shadowing do also exist. However, they make very rough assumptions.
They model the body either as fully absorbing obstacles [Obaya98,Pollo09,An09,Genc10,
Sawad12] or as reflecting objects [Khafa08, Saada09]. In this thesis, the interaction be-
tween electromagnetic waves and the human body is modeled more accurately, by taking
into account diffraction around the body. Similar approaches have arisen mainly just re-
cently [Villa00,Singh09,Ali10,Gusta12,Genc12], in the context of the emerging standards
and in parallel to this thesis. There, the human body or parts of the body are also mod-
elled under more accurate assumptions by using different diffraction theories. In addition,
complete stochastic wideband channel models including the influence of moving persons
are available (e.g. [Zwick02,Pagan06]). However, they are not suitable for the evaluation
of 60 GHz WLANs, since they have been developed for frequencies below 10 GHz. For
this reason, such a model is developed in this thesis, based on the TGad channel model.
Thereby, it is the first stochastic 60 GHz CIR model taking into account time-variant
human activity.
1.2.2 Performance Evaluation of Diversity Techniques and
Beamforming to Overcome Human Blockage at 60 GHz
During the development of broadband 60 GHz devices, one main objective is the choice of
an optimum antenna configuration. For instance, the IEEE802.11ad standards only define
beamforming protocols, which specify a general framework and the messaging between
devices. The choice of actual beamforming algorithms and the antenna specifications itself
are left to the developer [Corde10]. The receiving and transmitting antennas of a wireless
communication system are inseparably tied to the radio channel. The antenna characteris-
tics, especially the beamwidth, has a strong influence on the channel conditions and hence
6
1.3 Approach of the Work
also on the data transmission [Yang08a]. In addition, human shadowing introduces time-
variance and partly high attenuation the 60 GHz propagation channel. On the one hand,
adaptive antenna systems can be used to countermeasure human blockage problems. On
the other hand, they introduce additional time-variance, as their antenna characteristics
may fundamentally change with time. It is evident, that the performance evaluation of
such dynamic systems is more complex than that for systems with conventional antennas.
In literature, a few studies about the impact of antennas on the 60 GHz propagation
conditions can be found. However, they do not account for human shadowing, e.g.
[Manab96, Yang08a, Dong12], or only use rough assumptions for the modeling of hu-
mans as mentioned already above, e.g. [An09, Pollo09, Pan10, Genc10, Sawad12]. In this
thesis, diversity techniques and beamforming are evaluated based on RT in realistic
scenarios and the self-developed, diffraction-based human blockage model. Upon the
publication of this thesis, the work in [Singh09, Genc12] can be seen as the only com-
parable analyses of diversity and beamforming based on realistic deterministic human
blockage models. The only stochastic approach to evaluate beamforming has been used
in [Tsang11a, Tsang11b, Tsang11c]. This methodology is based on the TGad channel
model [Malts10d] and the models from [Collo04]. Experimental and simulative work can
also be found, focusing on macro-diversity including human shadowing effects [Garci09,
Garci10c,Garci10a,Schul11,Flame02]. Remarkably, some authors already use the stochas-
tic time-variant channel model, considering human activity, developed by the author of
this thesis for the analysis of diversity techniques [Nguye11,Lan11,Park12].
1.3 Approach of the Work
The compilation of the state of the art has revealed that the topics related to this thesis
have been subject to investigations already since the 1990s. In the context of the emerging
multi-gigabit standards, the propagation related 60 GHz research experiences an ongoing
renaissance, which started in 2006 with the TG3c channel model. Up to that point,
the existing scientific work on channel modeling had lacked two important things. First,
comprehensive propagation measurements were missing for the spatial characterization of
the double directional 60 GHz radio channel. Second, stochastic channel models including
human shadowing, which could be used for the system and antenna design, were not
available. The thesis addresses both issues following a three step approach:
1. Extensive measurement campaigns in order to verify the deterministic human block-
age models and ray tracing.
2. Simulation of a large number of realistic dynamic environments using the verified
electromagnetic models.
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Figure 1.2: Methodology and structure of the thesis.
Based on the illustration in Fig. 1.2, the approach will now be discussed in detail. In
Chapter 2, different possibilities of modeling human blockage at 60 GHz are analyzed.
The focus lies on the choice of a fundamental model, which should be easily integrateable
into ray tracing simulations. Chapter 2 additionally includes a study about the relevance
of diffraction in indoor scenarios. Both analyses have in common that the considered
electromagnetic models are validated by propagation measurements.
The main goal of Chapter 3 is to set up a deterministic spatio-temporal channel modeling
tool and relevant reference scenarios for 60 GHz indoor applications. Therefore, RT sim-
ulations are calibrated based on extensive channel measurements. These measurements
give also insight into the spatial characteristics of the 60 GHz radio channel.
Based on the preceding chapters, a deterministic channel modeling methodology is pre-
sented in Chapter 4, which includes human induced time-variance. For this purpose, the
chosen human blockage model is combined with the ray tracing simulations. Based on
this approach, two kinds of stochastic models are derived. The first one is semi-static and
based on simulations only. The second is a fully time-variant model based on simulations
and measurements. These models are then used in Chapter 5 to realistically evaluate spa-




Fundamental Analyses of Diffraction Mechanisms at
mm-Wave Frequencies
Relevant interaction mechanisms between electromagnetic waves and objects in an indoor
scenario are manifold at mm-wave frequencies. As they were largely studied in detail
before, the fundamental propagation mechanisms are not the main objective of this thesis.
Hence, this chapter is not meant to provide a complete picture of all relevant mechanisms.
Specific open issues are rather addressed and contributions beyond the current state of
research are focussed on.
Chosen interaction mechanisms with corresponding measurements and models are pre-
sented, namely diffraction and human blockage. Other propagation mechanisms like re-
flection, transmission, scattering at rough surfaces or atmospheric attenuation are not
treated here, because they have been thoroughly studied before in the mm-wave region
(see e.g. [Jacob09f,Coche05,Sato97,Piesi07,Giann99,Rappa11]).
Diffraction at obstacles like partioning screens or other furniture is analyzed in Section 2.1.
A variety of diffraction studies exist for lower frequencies and different environments,
e.g. [Erceg02,Berna04]. However, currently no methodic study about diffraction at 60 GHz
exists. The motivation for carrying out such a study is to provide a quantitative measure
in order to judge the relevance of diffraction effects in 60 GHz indoor radio channels.
The main focus of this thesis is to study the influence of human blockage on the 60
GHz radio channel and ways to overcome the arising problems. For this reason, human
blockage is treated separately in this chapter in Section 2.2, although strictly speaking it
is rather a combination of reflection and diffraction than an individual phenomenon. The
intention of this section is to select one model for the implementation into a ray tracing
environment and to give the reader the theoretical background necessary to understand
the following chapters.
Please note, that parts of the work presented in this chapter have been already published
by the author in [Czink12, Jacob12, Jacob10c, Jacob11a, Peter12, Klein12, Jacob13c, Ja-
cob09b, Jacob09g, Jacob10e]. Additionally, it is noteworthy that the diffraction related
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investigations presented in Section 2.1 have been performed in close cooperation with
Dr.-Ing. Sebastian Priebe. Thereby, Dr. Priebe has focussed on frequencies beyond
300 GHz and the implementation of the diffraction models in ray tracing simulations. In
contrast, the focus of this thesis lies on the measurement based validation of the diffraction
models at 60 GHz.
2.1 Diffraction
The shadowing of electromagnetic waves by obstructions commonly is described by diffrac-
tion for both cellular as well as wireless indoor networks. In the indoor case, electromag-
netic waves may be diffracted at edge or wedge like obstacles like bookshelves, closets or
any other home furnishings. In addition other shapes may be important as they occur
in reality. As an example the diffraction around a circular cylinder will be analyzed ad-
ditionally. First experimental investigations have been presented for the 60 GHz range
in [Malts10b]. However, a methodic study analyzing proper diffraction models for indoor
usage and the influence of diffraction effects on the 60 GHz radio channel so far does not
exist.
At first, the diffraction theories used in the investigations are shortly reviewed. Then,
measurements are presented with the main goal of validating the models in the mm-wave
region. An exemplary study employing ray tracing simulations analyzes the quantitative
impact of diffraction at 60 GHz, which concludes this section.
2.1.1 Theories
2.1.1.1 Knife Edge Diffraction (KED)
In the following, the knife edge diffraction model is reviewed. Although it is well-known,
this is done, because it also contributes to the understanding of the human blockage
model presented in Section 2.2.1.4. The derivation of the diffraction loss of an absorbing
half-plane, the knife edge, is based on the Huygens’ principle. An electromagnetic wave
impinges the absorbing half plane and the wave behind the half plane becomes then the
summation of all the wave fronts that are not absorbed. This summation can be calculated









This so called transition function describes the relationship between received and emitted
field strength and hence the diffraction loss:
LD,KED|dB = −20 · log10
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Figure 2.1: Geometry for the calculation of the diffraction attenuation at a single knife
edge.
An interpretation of the given function is only possible with the determination of ν for
a given geometry. The corresponding general structure is shown in Fig. 2.1 schemati-
cally with all relevant parameters. Assuming these parameters and a wavelength λ, the
parameter ν can be determined by










For ν = 0, the knife edge just blocks the direct path between TX and RX and shadows
half of the incoming wave (LD = 6 dB). For ν > 0, the receiver lies in the shadow region.
Here, only the diffracted part of the wave exists, and an increased shadowing leads to an
increased diffraction loss. In the area ν < 0, in contrast, both the direct and the diffracted
beam are received, resulting in sections of constructive or destructive interference with
partly negative diffraction attenuation. It is also noteworthy that the diffraction loss is
negligible for large negative values of ν.
2.1.1.2 UTD Solution for a Dielectric Wedge
Another useful method, which can be applied in a much wider range of situations than
the KED model, is the uniform theory of diffraction (UTD). Unlike the KED, it is a
ray based method and hence takes into account polarization [Hall03]. Here, complex
diffraction coefficients applied to the diffracted rays account for all diffraction effects. As
this modeling approach will be treated only marginally in this thesis the reader is referred
to the literature for a detailed description of the theory [Hall03,Kouyo74,Vaugh03]. The
definite advantage of the UTD is its assumption of diffracted rays, which makes it easy
to implement in ray tracing and to also account antenna patterns.
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2.1.1.3 UTD solution for a Conducting Cylinder
In this section, the UTD has been chosen to model the diffraction at a cylindrical obstacle
[McNam90, Patha80] due to its lower computational effort compared to the analytical
solution. Like the wedge diffraction UTD, this theory is ray based. In the following a
description of the theory from [Patha80] will be given. This is done in more detail, as the
cylinder UTD is rather uncommon and rarely treated compared to the wedge diffraction
UTD. The solution for the present scattering problem is given in terms of certain special
functions, namely Fock and Fresnel integral functions [McNam90]. In order to have a
consistent glossary throughout the thesis, the nomenclature of Pathak et al. [Patha80]
has been slightly changed.
The lit region is the region where the receiver position has a direct LOS connection with
the transmitter. The geometry of this problem with all required geometric quantities is
depicted in Fig. 2.2a. In this region, the resulting field at the receiver point RX is a
superposition of the direct field Ei, the surface diffracted field Er, which is a reflected
field and the field Ed diffracted around the cylinder:
















































(b) Receiver in the shadow region.




The calculation of the direct field strength Ei can be done according to free space prop-
agation. The UTD expression for the reflected field at the observation point is







where k is the wave number. The incident field Ei at reflection point Qr is only depending
on the distance si and again can be calculated according to free space propagation. The
parameter ρr is the so called caustic distance, i.e. the wave’s radius of curvature at its










The determination of the location of the specular point Qr and hence θ
i is not trivial. Qr
has to satisfy the law of reflection
~n (Qr) · ~si (Qr) = −~n (Qr) · ~sr (Qr) . (2-7)
Points on the circle can be described by an angle γ and the radius a. In order to find the
specular point, the angle γr is determined numerically, for which (2-7) is fulfilled. It is
noteworthy to mention, that this is the most extensive part of the entire field calculation.























with ξp being the Fock parameter :







For the sake of briefness, the so called Fock scattering functions p∗ (x) and q∗ (x) will not
be discussed here in detail. The calculation rules for this integral equations can be found








In the shadow region, where the LOS path is blocked by the cylinder, the total field is
composed by contributions from two so-called surface diffracted rays. One is traveling
clockwise and the other one counterclockwise around the cylinder (see Fig. 2.2b). Each
of these diffracted fields is given by
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with Ei (Q′) being the field at the attachment point Q′ according to geometrical optics.
This formulation is also valid for the calculation of the diffracted field in equation (2-4).
Similar to the lit region case, here the UTD surface diffraction coefficient TTE,TM can be

























where w is the arc length traversed by the surface ray between Q′ and Q. The Fock
parameter in this case amounts to:














As the calculation of the integral equations is computationally extensive, polynomial
approximations have been used for the implementation [McNam90,Smith98].
2.1.2 Measurements
The motivation for the diffraction measurements described in this section is twofold. On
the one hand, we use them to validate the theoretical models presented at mm-wave
frequencies. On the other hand, the basic differences between the diffraction at distinct
objects will be highlighted.
All measurements have been carried out with a Rohde & Schwarz ZVA50 vector network
analyzer (VNA) in combination with external transmitting and receiving test heads. As
measurement antennas, 20 dBi WR-15 fed standard gain horns (SGHs) have been used.
Measurements have been taken in both horizontal (HH) and vertical (VV) polarization.
Two types of measurements were performed in order to analyze individual aspects, namely
the angular dependence of diffraction and diffraction at closed objects positioned on a
translation stage. The different measurement setups will be described along with the
results in the following subsections.
2.1.2.1 Angular Dependent Diffraction Loss
The first measurement setup is shown in Fig. 2.3. Here the angular dependent diffraction
loss is analyzed. For that purpose, the transmitting and receiving test heads are mounted










Figure 2.3: Setup for the angular-dependent measurements (setup 1).
transmitter is kept fixed in order to always illuminate the discontinuity of the object,
i.e. the corner of the edge or the wedge under the same angle. The measurement object
(DUT) is positioned endwise vertically at x = 0, resulting in a shadow boundary for
α = 0◦. The receiver is rotated, with positive angles α corresponding to the lit region
and negative angles to the shadow region. With this manual setup a maximum angular
resolution of 1◦ is achieved . The distances s and s′ are fixed to a value of 0.47 m. Due
to the narrow beamwidth of the antennas, the direct signal in the LOS case as well as
a possible signal transmitted through the object in the NLOS case is highly attenuated
mostly except for the area around the shadow boundary.
Please note that the definitions of horizontal and vertical polarization throughout the
whole thesis is based on the antenna polarization and its relation to the ground plane.
Here, for instancethe term VV belongs to an electrical field strength vector parallel to the
z-axis in Fig. 2.3.
The total received electrical field strength Etot is a superposition of different contributions.




gTX (0) · gRX (0) ·E
r
+ gTX (ΦAoD) · gRX (ΦAoA) ·E
LOS, α ≥ 0
gTX (0) · gRX (0) ·E
d
+ gTX (ΦAoD) · gRX (ΦAoA) · tE
LOS, α < 0,
(2-15)
where Ed is the diffracted field, Er is the reflected field and ELOS is the field propagating
on the shortest geometric path from TX to RX either directly or through the material.
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gTX(ΦAoD) and gRX(ΦAoA) are the antenna gains for the corresponding angle of arrival
and angle of departure at the antennas. In case of dielectric materials, an attenuated
direct field component does also exist in the shadow region. Hence, ELOS has to be
multiplied by a transmission coefficient t. For metal, the parameter t is assumed to be
0, and for wood it is calculated according to the Fresnel equations. Please note that in
case of t 6= 0 the UTD diffraction coefficients have to be corrected according to [Burns83],
taking into account the actual value of t.
In a setup like this, the correct consideration of the antenna patterns is essential. In
principal, the radiation pattern ought to be included in the derivation of the diffraction
theory [Vaugh03], but the comparison between measurements and theory in the analysis
will show that it is sufficient to assume the field components as rays weighted with the
antenna gains gTX and gRX . The angles ΦAoD and ΦAoA change with α, whereas the
diffracted component ED is always amplified by the maximum gain of the antennas.
For the correct consideration, the SGH patterns have been simulated with Ansoft HFSS
[HFSS13].
Complex transfer functions with frequency bandwidths of 20 GHz and a center frequency
of 60 GHz have been measured. Afterwards they have been transformed to the time
domain via inverse Fourier transform. Here, a rectangular time gating was performed in
order to suppress undesired signal components, i.e. multipath reflections. After transfor-
mation to the frequency domain, the diffraction losses are calculated as the ratio of the
received power with the diffracting object and the power under unobstructed conditions
for α = 0. The results are analyzed for a single frequency only, because the dispersive
behavior is marginal in the frequency range of interest. All measurements can be reduced
to a planar problem due to the invariant shape of the objects in z -dimension. In addition,
objects are illuminated in a way that the antenna footprint does not excite diffraction
over the object. TX and RX are always in a horizontal plane and hence the polarization
of the radiated waves will not change during propagation.
Fig. 2.4 depicts the results of the diffraction measurements and the comparison with
the UTD for the angular-dependent diffraction. The measurements have been performed
for a metal edge, a wooden edge and a metal wedge with a wedge angle of 90◦. The
angular range is limited to α = −45◦ ... 30◦, because only here the influence of diffraction
is significant. Fig. 2.4a illustrates the measurement results for the metal edge. In the
shadow region (α < 0) the loss characteristics correspond to the diffracted field Ed only,
because a transmitted signal does not exist (tmetal = 0). The loss in the shadow region
is higher for vertical polarization. In the lit region, a general increase of losses due to the
filtering of the direct path by the antenna pattern is observed as the RX remains fixed.
The oscillations are caused by interference between ELOS and Er. Unfortunately, the
measurement resolution in the lit region is not high enough to reproduce the oscillations.
However, the general trend of the measurement agrees well with the prediction in all
cases. Regarding the wooden edge (Fig. 2.4b), the characteristic in the lit region is in
principle equal to the characteristic of the metal edge. It is steeper only close to α = 0◦.
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Figure 2.4: Comparison of angular-dependent diffraction measurements and UTD.
In contrast to the metal edge, the behavior in the shadow region is almost identical to
that in the lit region, because here the diffracted field interferes with the transmitted
field, which is not present in the the case of the metal edge. A dielectric permittivity
of εr = 1.82 − j0.051 has been determined for the wood by a transmission experiment
as described in [Jacob10c]. The parameter t is then calculated according to the transfer
matrix method (see [Jacob10c]). The transmission losses are almost independent of the
angle and amount to about 1.8 dB for the used thickness of 7.6 mm. This is much lower
than the diffraction loss. Nevertheless, the total loss increases with more negative angles
due to the radiation characteristics of the transmitting antenna. The agreement between
measurement and model is very good around α = 0◦, however, for larger absolute angles
the measurement resolution is not high enough to reproduce the oscillations. There,
the exact location of the oscillation minima and maxima strongly depends on a perfect
knowledge of the dielectric properties of the wood. Deviations between measurement and
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model can be caused by unavoidable small inaccuracies during the determination of these
properties. As expected from theory no significant differences could be observed regarding
the polarization.
Regarding the results of the metal wedge measurements (Fig. 2.4c), the main difference
compared to the metal edge is that the losses for horizontal polarization are lower and
the losses for vertical polarization are higher in the shadow region. In the lit region, the
characteristics are almost identical.
2.1.2.2 Translation Stage Measurements
In the second setup, both the TX and the RX are kept fixed. The measurement object is
positioned on a translation stage and moved in x-direction in steps of 1 mm (see Fig. 2.5).
The measurements were taken for a single frequency of 60 GHz. Like for the angular
dependent measurements, standard gain horns have been used as transmitting and re-
ceiving antennas. The unobstructed case always serves as a reference. Closed objects
have been used, namely the circular cylinder mentioned above and a metallic cuboid with
quadratic cross section (80 x 80 mm2). In this setup, the interference between diffracted
field components around both sides of the object is of interest, because the interference
leads to a different diffraction characteristic, especially in the shadow region.
As TX and RX are kept fixed and the objects are moved, the total field must be calculated
in a different way than for the first setup. On the one hand, the field component ELOS
is constant, on the other hand we are dealing with closed objects here. In the lit region,
the total field is modeled according to
Etot = gTX (0) · gRX (0) ·ELOS
+ gTX (ΦAoD,1) · gRX (ΦAoA,1) ·ED,1
+ gTX (ΦAoD,2) · gRX (ΦAoA,2) ·ED,2,
(2-16)







Figure 2.5: Translation stage measurement setup (setup 2).
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where ED,1/2 are the diffracted field components around both sides of the object (see









. The individual terms ED,1 and ED,2 are calculated assuming two sin-
gle edges (cf. section 2.2.1.4) or wedges at the front and the back of the cuboid. Please
note that the cylinder UTD already accounts for both components inherently. It is note-
worthy to mention that here only metal objects are analyzed and hence ELOS = 0 in the
shadow region.
The results for the longitudinal movement of the objects are shown in Fig. 2.6. Again,
the range is limited to the relevant area from x = -9 cm to x = 5 cm. The position, where
the object reaches the LOS connection between TX and RX defines the point of origin
x = 0 (see Fig. 2.5). For symmetry reasons, the characteristics are mirrored for larger















(a) Copper cuboid (HH).















(b) Copper cuboid (VV).














(c) Metal cylinder (VV).
Figure 2.6: Comparison of diffraction measurements and modeling results of metal objects.
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x-values. Due to the relatively narrow antenna pattern, mostly one of the diffracted field
components ED,1 or ED,1 dominates. The other component is suppressed by the antenna
diagram. Only in the deep shadow region, where the components have a similar magnitude
and experience similar antenna gains, the interference of both parts causes oscillations.
Figs. 2.6a and 2.6b depict the results for the copper cuboid. In addition to the UTD,
here the KED results are also shown. In the lit region, the loss oscillates around 0 dB,
whereas it decreases in the shadow region. As expected, the losses amount to 6 dB at
x = 0 in any case. Comparing the horizontal and vertical polarization, small differences
can be recognized, which is also expected in the case of metallic objects. The interference
between ED,1 and ED,2 is clearly visible in the shadow region for both polarizations.
Although the measured objects are not edge-shaped, KED and measurements are also in
good agreement. The RMS modeling error amounts to about 1.7 dB compared to 0.8 dB
for the UTD. This shows that even this simple model provides a sufficient and pragmatic
solution for commonly encountered diffraction problems. Considering the metal cylinder
measurements (Fig. 2.6c), only slight differences can be recognized compared to the
cuboid. Measurements and UTD again agree well, except for cases in the deep shadow
region where the theory overestimates the diffraction losses.
2.1.3 Impact on the 60 GHz Radio Propagation Channel
Based on the validated diffraction theories, the impact of diffraction at obstacles on the
60 GHz radio channel is investigated. Therefore ray tracing simulations (see Chapter 3) for
an office scenario including reflection, transmission and diffraction is performed in order
to get channel impulse responses. A schematic of the scenario is depicted in Fig. 2.7a,


















(a) Scheme of the scenario in top view.

















(b) Path loss along trajectory.
Figure 2.7: Impact of the diffraction at a screen evaluated in terms of the path loss.
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is positioned in the upper left corner of the roof under the ceiling emulating a WLAN
access point. A vertical screen partitioning two cubicle-like workplaces is included in the
scenario in order to investigate the sole influence of one major diffracting object on the
channel characteristics. A one meter long trajectory (1 mm resolution) representing the
transition between LOS and NLOS area behind the screen is used for the evaluation.
Fig. 2.7b depicts the path loss along the trajectory with and without taking diffraction
into account. The path loss is determined by a power addition of all received rays in
order to eliminate small scale fading and focus on the path loss only. The influence on
the small scale fading can be found in [Jacob12]. Two cases are considered, a metallic
and a wooden screen. In the LOS area the path loss is clearly dominated by the direct
connection of TX and RX and diffraction does not play a significant role. In the NLOS
area the received power is supported by reflected multipath components in case of the
impenetrable metallic screen. In the case of the wooden partition, the path loss is about
8 dB lower, because here the LOS ray is not fully blocked, but just attenuated and hence
contributes to the overall received power. At the transition (y = 1.05 m), a drop of path
loss occurs. This drop is very abrupt when the diffracted wave is not taken into account
and rather smooth with the diffracted wave. The influence of diffraction is lower for
the wooden screen due to the relatively strong transmitted ray. Concluding the study,
the diffraction at the screen can be neglected everywhere but in the close vicinity to the
transition between LOS and NLOS area. The most significant factor is that the path
loss in the shadow region is slightly lower due to the diffracted wave portion. Please note
that the given analysis is part of a more detailed study, including additional examinations
of the implications on the 60 GHz radio channel or a comparison between 60 GHz and
300 GHz [Jacob12].
2.2 Human Blockage
In this thesis, suitable models for the mm-wave range are proposed. Therefore, in this
chapter different potential models accounting for the interaction between electromagnetic
waves and the human body are developed or adapted to this application and compared.
In Section 2.2.1, the different models are presented and their theory is shortly reviewed.
Then, in Section 2.2.2 the models are compared in order to choose the best one to be
included into ray tracing simulations (see Chapter 4). The focus here lies on human
shadowing and not on reflection at the human body.
2.2.1 Theories
In this section, different human blockage models are presented. This is done in order to
choose a model which can be used best to describe the interaction of the electromagnetic
waves with the human body. There are three main requirements for such a model:
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1. It should accurately reproduce the empirically observed shadowing characteristic
due to human blockage.
2. Since the model should be used in extensive simulations to generate data sets for the
development of statistical models, the computational effort must be manageable.
3. Additionally, the model must be easy to implement into ray tracing simulations.
Three different geometric models have been considered, namely the circular cylinder, the
elliptic cylinder and the multiple knife edge model (see Fig. 2.8). In [Ghadd04,Ghadd07],
the UTD for a conducting circular cylinder has been proven to be valid for modeling the
presence of a human body at 10.5 GHz. In this thesis, the approach is extended to a
dielectric cylinder model and a dielectric-coated conducting cylinder in order to account
for human skin and clothing. Taking into account the actual shape of the human body,
a dielectric elliptic cylinder is a better physical representation of a person. For this
reason, the elliptic cylinder is also considered. Kunisch and Pamp have shown that it
is sufficient to describe a human blockage event in the upper microwave region by knife
edge diffraction [Kunis08]. A further development of this model is proposed in this thesis.
This multiple knife edge model is described in more detail than the other models, as it is
self developed and plays a key role in Chapter 4 and 5. The list below summarizes the
models:
(a) Circular cylinder. (b) Elliptic cylinder. (c) Multiple knife edges.
Figure 2.8: Considered geometric models for the human body.
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1a) Perfectly conducting circular cylinder.
1b) Dielectric circular cylinder, taking into account the permittivity of the human skin.
1c) Dielectric-coated conducting circular cylinder, taking into account clothing.
2) Dielectric elliptic cylinder as a better geometric representation of the human body.
3) Multiple knife edge diffraction, proposed as a new computationally efficient model.
For the sake of briefness, the theories as well as the comparison are predominantly shown
for TE polarized waves.
2.2.1.1 Exact Solution for a Dielectric Circular Cylinder
For the scattering by an infinitely long circular cylinder, exact solutions for different
kinds of incident waves exist [Bowma87, Van B07, Wait59, Harri01, Balan89]. The most
general case would be the solution for the scattered field assuming a point source as
transmitter. Nevertheless, the problem of a line source parallel to a cylinder as shown in
Fig. 2.9 is sufficient to model the two-dimensional case which is used for the comparison
in Section 2.2.2. The fully three-dimensional solutions can be found in literature and have
a structure very similar to that given in the following. As it is used only once in this
section, the solution for the field within the human body is not given here, because it
is irrelevant for the application in WLAN/WPAN channel models. The solution for this
case can be found in the given literature. In the following, the calculation instructions
for this special case will be reviewed briefly based on [Balan89]. The incident wave at the
RX is assumed to be z-polarized of the form
Eiz = E0H
(1)











Figure 2.9: Geometry for the scattering by a dielectric cylinder.
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which is the representation of a cylindrical wave with its origin at the TX as shown in
Fig. 2.9. Here, H
(1)
0 is the Hankel function of the first kind and zero
th order. The total
field at the RX is determined by inserting this ansatz into Helmholtz’ equation, to satisfy
Bessel’s equation under the special boundary conditions for this problem [Balan89]. The






































n (ka)− Jn (kda)H ′(2)n (ka)
. (2-20)
Here Jn and J
′
n are the Bessel functions of the first kind and the n
th order as well as the
corresponding derivative, εd is the complex permittivity and a the radius of the cylinder.
The wavenumber within the cylinder is calculated as kd = k
√
εd. For the perfectly electric
conducting (PEC) cylinder, the scattering coefficient reduces to





because εd →∞. Please note, that in contrast to the cylinder UTD in Section 2.1.1.3, no
distinction of cases between lit and shadow region is necessary here. The disadvantage of
the analytical solution clearly is the fact, that it is not ray based and hence one cannot
distinguish between the different field components. This would be a problem, if the
different field components should be weighed by an antenna diagram.
2.2.1.2 Exact Solution for a Dielectric-Coated Conducting Cylinder
The solution for the scattering from a dielectric-coated, perfectly conducting cylinder
(see Fig. 2.10a) can be derived in a similar manner like the solution for the dielectric
cylinder. For the calculation of the electrical field, only the scattering coefficient has to
be adapted [Tang57]:
an =
AnkdJn (kb)−BnkJ ′n (kb)



















n (kda)−H(2)n (kdb)H(1)n (kda)
]
(2-22c)

















Figure 2.10: Geometry of the dielectric-coated conducting (a) and the elliptic (b) cylinder.
2.2.1.3 Exact Solution for a Dielectric Elliptic Cylinder
For the comparison in Section 2.2.2, the solution for scattering of an elliptic cylinder
illuminated by a plane wave will be used (see Fig. 2.10b). The exact solution can be
derived by solving the wave equation in elliptic cylindrical coordinates. These coordinates

















z = z, (2-25)
with 0 ≤ u ≤ ∞ and 0 ≤ v ≤ 2pi and f = √a2 − b2 being the semifocal length of
the ellipse. The contours of constant u are confocal ellipses and those of constant v are
confocal hyperbolas [Cojoc13].
The scattering solution is given in terms of sums of the so called Mathieu functions
Jpm, Npm, Hpm1 and Spm. The total field is a superposition of the plane wave and the











Jpm (q0, u1, n)
Npm (q0, n)Hpm1 (q0, u1, n)
Jpm (q0, u1, n)− Jpm (q1, u1, n)







, u1 = acosh(
a
f
) and F = F ′/F being the log-derivative of the
Mathieu functions with respect to u. Please note that the nomenclature of [Cojoc08] is
25
2. Diffraction Mechanisms at mm-Wave Frequencies
TX
RX
Diffraction around the body
Vertical double knife edges




(b) Diffraction over the person’s head.
Figure 2.11: Multiple knife edge model. (a) Movement of the person according to the
extended double knife edge model (top view). (b) Vertical double knife edges
around the body and two horizontal single knife edges for diffraction over the
person’s head.
used here.1 For more detailed information about the Mathieu functions and the derivation
of the scattering solution, the reader is referred to the given literature.
2.2.1.4 Multiple Knife Edge Diffraction Model (MKE)
In this thesis, the double knife edge model (DKE model) from Kunisch and Pamp is ex-
tended to a multiple knife edge model as their model disregards diffraction over a person’s
head and according DKE model [Kunis08], the total field at a receiver is the superpo-
sition of diffracted components from two knife edges. An example of the application of
the DKE model to the shadowing by a person is shown in bird view in Fig. 2.11a. This
way, the shadowing around the human body is taken into account. In the original DKE
model only the blue plane representing the sagittal body plane, i.e. between back and
chest exist. Here the fields are determined for each knife edge separately according to the
Fresnel integral in Eq. (2-1) and are summed up coherently afterwards:
EDKE = F (ν1) + F (ν2), (2-27)
Here, ν1 and ν1 have to be determined for the diffraction around both sides of the human
body. The advantage of the DKE model is the very low computational effort compared
to any other model discussed in this thesis. However, in [Kunis08] only one double knife
edge is proposed along the body’s main axis, whereas a constant motion along a straight
line almost perpendicular to the ray is assumed. This model proves to be insufficient in
the case of a motion nearly parallel to the ray, as the ray does not intersect the double
knife edge, but the body still shadows the ray. Therefore, the proposed extended DKE




model includes an additional double knife edge parallel to the body’s axis as shown green
in Fig. 2.11a. Furthermore, the conventional double knife edge model is limited to
two-dimensional geometries. This would disregard a possible diffraction by the person’s
head. However, this is expected for certain positions in a realistic indoor scenario, so the
introduction of two more horizontally oriented knife edges on top of the body is required
(see Fig. 2.11b). The adoption of two double knife edges would be incorrect as diffraction
under the feet is implausible due to the ground.
For the determination of the resulting diffraction loss different geometry parameters have
to be derived for each double knife edge first. The total loss is then a superposition of the
relevant DKE and the diffraction over the head. A detailed description of the geometrical
calculations is given in Appendix B on page 139ff.
2.2.2 Suitability of the Different Models for Human Blockage
In the following, the presented models are analyzed regarding their suitability to model
the human blockage at 60 GHz. This is done in order to choose the most appropriate
model which will be applied together with ray tracing in Chapter 4 to derive stochastic
channel models regarding human blockage. Therefore, at first the influence of the human
skin, the kind of object shape and the influence of clothing is analyzed. Then, in the end
of the section, the models are compared to measurements in order to judge the accuracy.
2.2.2.1 Influence of the Human Skin
The circular cylinder has been used to model human blockage before [Ghadd04,Ghadd07,
Khafa08]. Here, it will be now discussed, whether a cylinder with the dielectric properties
of human skin is a better assumption than the PEC cylinder. Therefore the scattering
of a plane wave is compared for both cases (see Fig. 2.12). A variety of simulated and
measured electrical properties of the skin at 60 GHz is available. A relative permittivity
of εd = 8.05 − j4.13 has been adopted for the human skin [Zhado11]. This value
has been chosen because the imaginary part representing the conductivity of the skin
is comparatively low and hence is a worst case compared to the infinite conductivity of
the PEC cylinder. Please note that the influence of clothing will be analyzed separately
subsequently in this chapter.
Fig. 2.12a and 2.12b show the loss in relation to the case without cylinder, which would
be the lossless propagation of a z-polarized plane wave propagating along the x -direction.
The loss is shown in the z = 0 plane. The cylinder diameter is chosen to be 25 cm
according to the typical width of the human body. In both cases, the expected behavior
can be observed. Directly behind the cylinder obstacle in the deep shadow region, very
high losses occur, whereas the diffracted power increases at larger distances. At first
glance no significant difference between the two cases is observed, which denotes that the
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(b) Shadow attenuation (dB) of a dielectric
(skin) cylinder.
(c) Attenuation characteristics at the skin-air





















(d) Difference between attenuation for metallic
and dielectric (skin) cylinder















(e) Shadowing characteristic for a metallic and
a dielectric (skin) cylinder at x = 1.0 m.
Figure 2.12: Comparison of the field strength for a metallic and a dielectric (skin) cylinder.
The arrows mark the direction of an assumed plane wave.
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conductivity of the human skin is sufficiently high enough to assume it approximately as
a PEC. This will be analyzed in more detail in the following. Fig. 2.12c shows a cut-out
of the loss characteristics at the skin-air interface for y = 0 and -13 cm ≤ x ≤ -12 cm.
As already pointed out, the field inside the cylinder is of minor interest, because it is
irrelevant for WLAN channel models. Nevertheless it is shown here, as it contributes
to the understanding of the diffraction mechanism. Inside the PEC cylinder the loss
is infinitely high as the field does not penetrate the cylinder. This is different for the
dielectric (skin) cylinder, where the electromagnetic field is highly attenuated with a
factor of more than 70 dB/cm. This can be also seen in Fig. 2.12b, where the loss
distribution within the cylinder is shown as an enlargement. The losses quickly exceed
values of 80 dB moving away from the air-skin interface.
In front of the cylinder fading can be observed due to the interference between scattered
and incident field. The fading characteristics are more pronounced with higher maxima
and lower minima for the metal cylinder as here the reflectivity is higher than than for the
dielectric cylinder. This holds for the entire area in front of the object (see Fig. 2.12d).
In this Figure, the absolute difference between the loss distributions in the z = 0 plane is
depicted. Besides the different behavior inside the cylinders, the area behind the cylinder
is of main interest. Directly behind the cylinder, the field strength is up to 5 dB higher
for the dielectric (skin) cylinder. It is noteworthy to mention, that in both cases the
wave is attenuated by more than 50 dB (see Fig. 2.12a). Besides the general trend,
interference patterns in the order of several millimeters can be observed in the whole
plane for the absolute loss as well as the loss differences. This can be traced back to the
short wavelength. Fig. 2.12e completes the comparison between PEC and skin. Here, the
loss characteristic is shown behind the cylinder for x = 1.0 m and -0.3 cm ≤ y ≤ 0.3 cm.
This illustration clearly shows that in the area far behind the cylinder there is no difference
between the scattering by a PEC and the dielectric (skin) cylinder at all.
2.2.2.2 Influence of the Object Shape
The influence of the model geometry is compared for the human arm. This is done, because
there is a need for models not only for the whole human body but also for the extremities
[Gusta12]. Obviously, the elliptic cylinder is also a better physical representation of the
human body compared to the circular cylinder, as it approximates the cross section of
the human torso more appropriately. Nevertheless, the investigation for the human torso
is left out intentionally here for the sake of briefness. In order to model the human arm,
the minor radius a and major radius b of the elliptic cylinder are chosen to be 2.75 and
3.5 cm, which are typical values. Two cases are analyzed, a plane wave propagating along
the major axis and the minor axis of the elliptic cross section (see Fig. 2.13a and 2.13b
respectively). In addition to the elliptical cylinder model, the results for the circular
cylinder and a MKE is shown. The cylinder diameter as well as the width of the MKE is
chosen equivalent to the relevant axes of the elliptical cylinder, i.e. 5.5 cm in Fig. 2.13a
and 7 cm in Fig. 2.13b. This comparison is done for the shadow region 0.2 m behind
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(a) Propagation along major axis.

















(b) Propagation along minor axis.
Figure 2.13: Shadowing characteristic for an elliptic cylinder compared to the circular
cylinder and the MKE model
the cylinder and the transition to the lit region. In both cases, almost no difference
between circular and elliptical cylinder model is visible. Regarding the MKE solution,
the interference maxima are higher and the characteristic in the lit region also slightly
deviates from the other models.
2.2.2.3 Influence of Clothing
In order to analyze the influence of clothing further, additional measurements of a brass
cylinder have been performed. These measurements have been carried out at a single
frequency of 69 GHz using setup 1 as described in Section 2.1. A cylinder with a radius
of 4 cm has been measured barely and covered with 5 mm of cotton (see Fig. 2.14). The
results presented above have shown that the human skin can be assumed to be a PEC
because no significant difference could be observed. Hence, the covered metallic cylinder
is a sufficient approximation for clothing on skin. Fig. 2.14c depicts the angular dependent
results for vertical (VV) and horizontal (HH) polarization. Again, negative angles corre-
sponds to the shadowing region. In the metallic case, the characteristic is steeper and the
absolute loss is higher for the vertical polarization compared to horizontal polarization,
which is expected. Interestingly, in case of vertically polarized waves, the clothing leads to
losses, lower by up to 20 dB in the shadowing region. This does not hold for the horizontal
polarization. Here, the maximum difference amounts to only 6.9 dB, however, mostly the
metal cylinder case shows the lower losses. It is noteworthy that the diffraction behavior
is highly sensitive to the layer thickness and the dielectric properties of the clothing. This
will also be analyzed in the next section.
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(a) Bare. (b) Covered with cotton.

















(c) Shadow attenuation for a cylinder with and with-
out clothing.
Figure 2.14: Cylinders used for measurements and measurement results.
2.2.2.4 Validation with Measurements
In order to validate the human blockage models, its simulation results have been compared
to human blockage measurements. This comparison has been carried out for the MKE
model, the metal cylinder (UTD) as well as the coated cylinder. The UTD and the MKE
model have been chosen because of their low computational effort, as well as the fact that
the previous analysis has shown that assuming metal instead of human skin is sufficient.
In order to study the impact of clothes, the coated cylinder model is also considered here.
Two different cases are considered here. A 5 mm and a 10 mm thick dielectric coating is
assumed to emulate a fleece layer with εd = 1.25 + j0.042 [Zhado11,Hertl07].
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(a) Exemplary shadowing event.

















(b) CDF of differences between averaged mea-
sured and simulated shadowing attenuation.
Figure 2.15: Comparison of human blockage models and measurements.
The measurement results used for the validation were kindly provided the Heinrich-Hertz-
Institut in Berlin. The measurements have been performed with a 60 GHz real time
2×2 MIMO channel sounder. At this point, the sole LOS MPC is considered. During
the measurements a clothed person has crossed the LOS link nearly perpendicularly. A
detailed description of the measurement setup can be found in [Peter12]. In the reference,
also a comparison of measurements and models with a slightly different focus is given and
also supports the findings presented in this thesis.
All three models have three degrees of freedom, namely the starting point x0 of the
person, the walking speed v and the depth 2a of the person. These parameters have
been extracted from the measurements taking into consideration the geometry of the
measurement scenario. For the parameter extraction, the person is assumed as a double
knife edge. The time where one knife edge reaches the connection line between TX and RX
corresponds to an attenuation of 6 dB, because approximately half of the field strength
is shadowed by the person. This holds true for the 6 dB level crossings of the falling
edge as well as the rising edge of the shadowing event. By exploiting this fact and the
exact knowledge of the position of the different MIMO antennas all degrees of freedom
can be determined. On average, the walking speed was v = 0.51 m
s
and the body depth
was 0.23 m.
Fig. 2.15a shows a typical temporal characteristic of a shadowing event. One can observe
oscillations before the actual event and interference during the deep shadow phase. The
event has a duration of about 600 ms. A qualitative comparison reveals that all mod-
els show deviations compared to the measurement. In general, the cylinder UTD mostly
overestimates the attenuation in the deep shadowing zone, whereas the other models some-
times underestimate and sometimes overestimates it. The deviations can be explained by
the facts that a constant walking speed is assumed and the actual body shape deviates
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from the model geometries. In addition, the small wavelength makes the fading behavior
extremely sensitive to the walking speed of the person and a possible inaccuracy of the
determined antenna positions. Hence, a perfect alignment of measured and simulated
interference pattern is not expected in any case. Another fact is that the models produce
symmetrical shadowing events, which is not the case for the measurements. The reason
for this is the asymmetrical shape of the body as well as a varying walking speed. Nev-
ertheless, the trend including the general fading characteristics is well modeled especially
with MKE and coated cylinder model.
Besides this qualitative comparison, a quantitative comparison in terms of the fading
statistics is carried out. Here, the results for a 5 mm thick fleece layer are considered
additionally. In principle, all models show a good agreement with the experimentally ob-
served shadowing events. Fig. 2.15b shows the CDFs of the differences between measured
and simulated shadowing loss. As a basis for this statistic, for every shadowing event
the mean value of the attenuation higher than 10 dB has been taken into account. The
averaging is done as already slight temporal displacements between measured and simu-
lated interference patterns would lead to very high differences. Altogether, the CDF is
derived from 360 different shadowing events with distances between RX and TX ranging
from 2 to 10 meters. The CDFs reflects the behavior already observed in Fig. 2.15a. The
metal cylinder model tends to overestimate the attenuation by up to 6 dB, whereas MKE
and coated cylinder model (10 mm coating) in principle show better performance with
average deviations of 0.1 and 0.4 dB respectively. In case of the MKE model, this is quite
surprising, as the metal cylinder definitely provides a better approximation of the human
body than knife edges. In case of the coated cylinder it is also an interesting result, that
obviously the consideration of clothing can lead to a significantly higher model accuracy.
Nevertheless, the accuracy is very sensitive to the coating parameters, i.e. thickness and
dielectric properties. The modeling error for the 5 mm coating is for example almost as
high as for the bare metal cylinder. The dielectric properties as well as the layer thickness
of the clothing, which have been worn during the measurements, are not known. Never-
theless, the results suggests that it is possible to enhance the modeling accuracy by taking
into account clothing.
Up to this point, the mere amplitude of shadowing events has been considered. However,
measurements have revealed that the phase of a signal rapidly changes during an event.
This is especially important for the modeling of time-variant channel impulse response (cf.
Section 4.3). Fig. 2.16 illustrates the phase behavior of an exemplary measured shadowing
event and the corresponding MKE simulation results. The figure shows the amplitude as
well as the phase. The amplitude characteristic is given here as a reference only because
the amplitude have been discussed thoroughly above. The shown shadowing event is
almost symmetrical. The phase remains nearly constant up to the instant of time, when
the loss reaches 6 dB. This corresponds to the position where the person just shadows
the LOS connection. Before this point, the loss characteristic is dominated by the LOS
link, which possesses a constant phase. In the shadow region behind this point, the
diffracted components dominate. Compared to the small wavelength, these components
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Figure 2.16: Comparison of MKE and measurements.
change their length and hence the phases very fast. The phase decreases by 16pi until
in the first half of the event and increases afterwards. This can be explained by the fact
that the component diffracted around the front of the body, which gets longer with time,
dominates first. Then, in the second half of the event, the component diffracted at the
back dominates, which gets shorter with time. Despite a small time shift, which can be
explained by a varying walking speed in the measurements, the agreement of the measured
and the simulated phase is very good.
Table 2.1 summarizes the comparison in terms of accuracy. For the elliptic cylinder model,
the evaluation was not possible due to a slow convergence of the terms of sums and a hence
a too high computational time for cylinder dimensions much larger than the wavelength.
Nevertheless, the results for the modeling of the human arm suggests that the accuracy
of this model would be high. Despite the similar modeling errors, the MKE performance
is rated worse than the dielectric-coated cylinder model in the table since it does account
for polarization. As shown before, the consideration of the dielectric properties of human
skin does not lead to a higher accuracy compared to the PEC case. The computational
effort and the analysis of implementation aspects will be discussed in the next subsection.
2.2.2.5 Computational Effort and Implementation Aspects
Like stated in the beginning of the section, a manageable computational effort as well as
the implementability into a ray tracing tool is an important criterion for the choice of a
proper human blockage model.
The computational effort is analyzed by comparing the average simulation time for the
validation with measurements presented in the last subsection. The simulation time is
normalized to the value for the MKE model as this is the most efficient algorithm (see
Table 2.1). All other models are at least nine times slower. The analytical solutions all
exhibit the summation of Bessel or Mathieu functions. For the dimensions of a human
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Table 2.1: Comparison between different human blockage models.
Accuracy Computational Implementation
Effort Effort
PEC cylinder (UTD/Analytical) +/+ 9/40 ++/+
Dielectric cylinder + 300 +
Dielectric-coated cylinder ++ 220 +
Elliptic cylinder 1 70000 +
MKE + 1 ++
1 Evaluation not possible due to convergence problems for cylinder dimensions much larger than
the wavelength.
body, which are much larger than the wavelength in our case, the calculation of a few
hundred summands is necessary. This leads to an effort, which is 40 - 70000 times higher
than for the MKE.
Regarding the implementability into ray tracing simulations, the UTD is the model suited
best, as it is inherently ray based. For all the analytical solutions a separation of different
diffracted field components is not possible. This leads to errors if directive antennas are
used as the different components arrives under different AoAs (cf. Fig. 2.5, page 18).
The MKE model is also technically not ray based, but here, at least the different field
components are calculated separately (cf. Eq. (2-27), page 26). The AoAs can be estimated
from the position of the single knife edges (cf. Fig. 2.11a), which is definitely an advantage
over the analytical solutions.
Based on the comparison, the MKE has been chosen as the model which is best suited
for the aimed application, as it combines a very low computational effort with very good
implementability and despite some disadvantages a good accuracy.
2.3 Concluding Remarks
In this chapter, measurement and simulation results for different propagation mechanisms
in the mm-wave range have been presented.
. Measurement and ray tracing based investigations of the diffraction in 60 GHz prop-
agation channels have been presented. The conducted analysis is the first methodical
study in this frequency range. Diffraction at an edge, at a wedge and at a cylinder
has been measured. Those shapes are representative for typical objects in indoor
environments like screens, corners or furniture. The measurement results have been
compared to simulations according to the knife edge model and the uniform geomet-
rical theory of diffraction. Realistic antenna patterns have been considered and good
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agreements have been achieved. Apart from metal, also wooden objects have been
investigated. In the latter case, it has been observed that the transmission has a
much higher influence than diffraction. Furthermore, the high impact of the antenna
pattern on the received diffracted power were proven. This is especially important
for systems employing directive antennas, e.g. in case of potential beamforming.
The impact of diffraction on the 60 GHz radio channel properties has been analyzed
exemplarily for a specific situation. From the ray tracing simulations, it can be
concluded that diffraction plays a minor role in the 60 GHz frequency range. It
has been shown that only under NLOS conditions and in a very small region close
to the transition to the LOS area the path loss is affected by diffracted waves.
Everywhere else, diffraction at obstacles like partioning screens can be neglected.
This is especially true for thin penetrable edges, where transmission effects reduce
the impact of diffraction even further.
For the reasons mentioned above it can be concluded, that diffraction at obstacles
like furniture will not have to be respected in the following chapters. Especially
for higher order diffraction the computational effort is out of all proportion to the
benefit in terms of higher accuracy.
. The main focus of this thesis is to study the influence of human blockage on the
60 GHz radio channel and ways to overcome the arising problems. For the geometri-
cal modeling of the human body, different cylindrical structures have been analyzed
in this chapter. In addition, the multiple knife edge model is introduced as a new
alternative approach. The analysis in this chapter had the main goal to choose or de-
velop a suitable human blockage description for further use in deterministic channel
models. At first, the theories for the scattering by dielectric circular and elliptical
cylinders have been reviewed and the theory of the multiple knife edge diffraction
model have been given. Based on these theories, the suitability of the approaches
for the application in deterministic radio channel modeling has been investigated.
It has been shown that it is not necessary to consider the dielectric properties of
the human skin, as its conductivity is high enough to be assumed as a perfectly
electrical conductor instead of a dielectric material. Regarding the model geometry,
the elliptical cylinder as well as the MKE model provide the advantage over the
circular cylinder that they account for the width and the depth of the human torso.
Finally, the model results have been validated by measurements, which lead to two
interesting results. The agreement between the knife edge diffraction simulations
and the human blockage measurements is quite good. In addition, clothing can have
a significant influence on the attenuation under certain circumstances. Compared to
the human blockage measurements the cylinder model accuracy could be increased
by more than 2 dB taking into account clothing. On the other hand, this model is
very sensitive to the thickness and the material of the clothing.
In summary, appropriate approaches could be found to model the human induced
shadowing even under consideration of clothing. Although the multiple knife edge
diffraction does not take into account polarization, it has been chosen to be used
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in the remaining part of this thesis as its computational effort is very low and the
results still show a high accuracy.
To generally conclude, the findings of this chapter on the one hand provide quantitative
statements about the considered propagation mechanisms. On the other hand they lay
the foundation for the next chapters, where the presented models of separate propagation
mechanisms are used to analyze the 60 GHz radio channel in a holistic way. In the




Spatio-Temporal Channel Models and Measurements
Radio channel models combine relevant individual propagation mechanisms in order to
provide a complete and realistic picture of the propagation channel. They serve different
purposes like the evaluation or optimization of link and system level performance. Due
to the high propagation losses, 60 GHz indoor systems will have to incorporate smart
antennas in order to achieve multi-gigabit data rates. These antennas will be able to
provide adaptive radiation characteristics ranging from omnidirectional to highly directive
patterns [IEEE809c]. Obviously, this leads to significantly varying channel conditions for
one and the same system. Hence, an antenna-independent channel description is required
in order to evaluate such smart antenna systems. At this point, antenna independence
refers to a double directional channel characterization, which includes information about
amplitude, ToA, AoA and AoD of individual MPCs [Stein01].
In order to provide such a characterization, this section presents radio channel measure-
ments and ray tracing simulations. In particular, angular dependent wideband measure-
ments with highly directive antennas have been performed. As a result, the spatial as well
as the temporal characteristics of the radio channel are analyzed. Additionally path loss
measurements are presented. Isolated from the sole channel characterization, the mea-
surement results serve to verify and calibrate the RT. A calibration algorithm is presented,
which uses information about ToA, AoA and AoD. This way an unambiguous matching
of measured and simulated MPCs is possible, which in turn increases the calibration
accuracy.
For the channel investigations, three environments have been chosen, namely a conference
room, a living room and a kiosk download scenario. According to the envisaged applica-
tions of 60 GHz indoor communications, these scenarios are among the most relevant ones
(cf. chapter 1). Within all scenarios radio channel measurements have been conducted.
The conference room as well as the living room additionally serve as reference scenarios
for the use in further theoretical studies in Chapter 5.
Please note that parts of the work presented in this chapter have already been published by
the author in [Piesi08,Malko08,Jacob09a,Jacob09d,Jacob09c,Ku¨rne09,Jacob09f,Czink12,
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Prieb12]. In particular, the measurements in the kiosk download scenario have been
performed jointly with Dr.-Ing. Rados law Piesiewicz. However, a detailed analysis of
these measurements are presented in this thesis for the first time. Furthermore, the
fundamental structure and features of the calibration algorithm introduced in section 3.3
have been developed jointly with Dr.-Ing. Sebastian Priebe. The author of this thesis
has especially contributed with the framework of the algorithm. Furthermore, the focus
in this thesis lies on the impact of the number of different materials on the calibration
performance. Additionally, the dependency of the calibration results on the initially
assumed permittivity values is investigated. By contrast, Dr. Priebe has focussed on
broadband calibration of dispersive materials in the THz band.
The chapter is in principal divided into three main sections. In section 3.2 the channel
measurements are discussed. Based on this, the measurement results are used for the
calibration of the RT in Section 3.3. Section 3.4 concludes the chapter. Since Section 3.2
already includes qualitative comparisons between measurements and RT, a basic under-
standing of the actual RT implementation is necessary. Hence, the chapter begins with a
short overview about the RT tool.
3.1 Wideband Ray Tracing Simulations
A 3D ray-optical approach is used for the deterministic modeling of the 60 GHz indoor
radio channel [Schac12, Nucke11]. This software has been developed at the Institut fu¨r
Nachrichtentechnik and has been kindly provided by its developer Dr.-Ing. Moritz Schack.
The input to the tool is a threedimensional representation of the environment as well as
the relative permittivity εr = ε
′
r − jε′′r of each scenario element. For the creation of the
geometrical model the freely available 3D modeling software Google Sketchup has been
used [Sket13]. A detailed description of the considered scenarios is given in combina-
(a) Photo. (b) 3D Geometrical model.
Figure 3.1: Living room scenario.
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tion with the results of the analyses. Fig. 3.1 exemplarily depicts a photograph and the
Sketchup model of the living room in order to give an impression of the resulting model.
A brief description of the features of the RT tool is given in the following.
The RT tool is composed of a geometrical path search engine, which in a first step de-
termines all possible geometrical ray paths and their geometrical representation. In a
second processing step, the electromagnetic (EM) engine performs the relevant EM calcu-
lations in order to determine the complex field strengths of the MPCs. These calculations
cover the free space loss, specular reflection losses as well as different diffuse scattering
models such as the Lambertian emitter or the Kirchhoff scattering theory for rough sur-
faces [Prieb13b,Schac12]. Please note that in this thesis only the LOS path and reflections
up to the third order have been considered. The first and second calculation step results
in an antenna independent complex channel impulse response:
h (τ, ϕRX , θRX , ϕTX , θTX) =∑
j
P(j) · δ(τ − τ (j)) · δ(ϕRX − ϕ(j)RX) · δ(θRX − θ(j)RX) · δ(ϕTX − ϕ(j)TX) · δ(θTX − θ(j)TX) (3-1)
where:
. τ, ϕRX , θRX , ϕTX , θTX are delay as well as azimuth and elevation angles at the trans-
mitter and receiver, respectively.
. δ(•) is the Dirac delta function.








TX are the geometry based parameters of the i-th MPC, cal-
culated by the geometrical engine.
. P(j) is the complex polarization matrix of the j-th MPC, computed by the electro-
magnetic engine.
In order to account for polarization changes during transmission, P(j) and hence h are
2×2 polarization matrices [Malts10d]. Please note that P(j) is not normalized and contains
all propagation losses as well as the phase shift of the corresponding MPC. For a detailed
description of the polarimetric calculations, the reader is referred to [Schac12]. At this
point it should only be noted that the dielectric parameters of the scenario elements of
course have to be chosen according to the frequency range of interest.
In order to determine antenna dependent channel impulse responses h(τ), the polarization















Tx) · δ(τ − τ (j)), (3-2)
where the superscript H indicates the Hermitian transpose. The vectors ~gRX and ~gTX
represent the antenna gain in terms of the Jones calculus. The Jones calculus fully
describes the polarimetric antenna characteristics and is defined by the two orthogonal
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field strength components gθ and gϕ [Jones41]. As will be discussed in Section 3.2.1,
the antenna data used in this thesis originates from analytical expressions and HFSS
simulations [HFSS13]. In the framework of this thesis, the implementation has been
extended by the functionality of arbitrarily rotating the polarimetric antenna patterns by
the means of Euler angle rotation matrices [Milli99].
The separation of the three different processing steps has the major benefit of significantly
increasing the computational efficiency for some applications. In case of the calibration
of the material parameters in Section 3.3 the time consuming geometric calculations have
to be done only once for instance. In case of the comparison between different antennas
as done in Section 5.1, additionally the calculation of P(i) is only necessary once.
It is noteworthy that the electromagnetic calculations have been extended by the function-
ality of taking into account frequency dispersive materials and antennas by Dr.-Ing. Se-
bastian Priebe. Therefore, the electromagnetic calculations mentioned above are done in
frequency domain followed by inverse Fourier transform in order to get the channel im-
pulse response in time domain. For a detailed description of this functionality, the reader
is referred to [Prieb13b].
3.2 Wideband 60 GHz Channel Measurements
This section reports on experimental investigations of the 60 GHz radio channel. The core
subject here is the spatio-temporal channel characterization In the first part of the section,
the measurement setup and the measurement antennas are introduced. The measurement
results for a living room and a conference room are presented afterwards, divided into a
subsection about path loss and shadowing and a subsection about the angular dispersive
channel characteristics. Concludingly, measurements in a kiosk download environment
are presented.
3.2.1 Measurement Setup and Antennas
All channel measurements are conducted in frequency domain followed by the calcula-
tion of channel impulse responses via inverse Fourier transform. For the measurements a
system was available, which consists of an Agilent E8361A vector network analyzer and
external transmitting and receiving test heads with WR-10 waveguide flanges covering
the frequency band from 67 to 110 GHz. Due to the lower limit of 67 GHz, the presented
measurements had to be conducted between 67 and 72 GHz, which is slightly higher than
the actual spectrum allocated for WLAN/WPAN (57 - 66 GHz). Nevertheless, no signif-
icant differences of the propagation characteristics are expected in this frequency range.
With this setup, extremely wideband measurements with a temporal delay resolution of
200 ps become possible. As a trade-off between measurement time, maximum resolvable
excess delay and dynamic range, the channel is sampled at 401 frequency points with
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an intermediate frequency (IF) filter bandwidth of 300 kHz. This allows for a maximum
excess delay of 80 ns and a dynamic range of about 95 dB.
For the radio channel measurements, three different types of antennas are used, namely
conical horn antennas, open-ended waveguides and half-wave dipole antennas. With these
antennas it is for instance possible to implement a configuration, where a sector antenna
(open-ended waveguide) serves as transmitter and a highly directive antenna (horn) as
receiver (configuration 1). This setup emulates a typical antenna system for mm-wave
WLAN applications. In addition, two other antenna configurations (horn-horn (2), open-
open (3)) give the possibility to investigate the influence of the antenna on the propagation
channel parameters. Furthermore, the spatial filtering properties of the horn antennas are
utilized to determine the angular dispersive channel characteristics.
In order to interpret the measurement results correctly, a thorough knowledge of the an-
tenna characteristics is essential. Hence, three-dimensional antenna patterns are required
for the antennas, which will be incorporated into RT with the aim to compare RT and
measurements directly. For these reasons, a detailed characterization of the mentioned
antennas is given in the following. This is done in terms of antenna pattern measurements,
closed-form expressions and full-wave electromagnetic field simulations. In the following,
the conical horn antennas as well as the open-ended waveguides are described in detail. A
description of the dipole is omitted as the characteristics are commonly known very well.
3.2.1.1 Conical Horn Antenna
The horn antenna used for the measurements is a plain conical horn fed by a WR-10
rectangular waveguide. The antenna is linearly polarized. Its circular aperture has a
radius A of 8 mm and an angle of aperture α of 15◦. Different approaches exist to
calculate the three-dimensional radiated fields of aperture antennas. The aperture field
method uses integration over the whole aperture to obtain the θ- and ϕ-dependent far
field pattern at distance R [Ludwi66]:
g (R, θ, ϕ) =
jkejkR
4piR





f (ρ, ϕ′) ejkAρ sin θ cos(ϕ−ϕ
′)ρdρdϕ′, (3-3)
where k is the free-space propagation constant, ρ and ϕ′ define a local polar coordinate
system at the aperture and f (ρ, ϕ′) is the aperture field. In case of circular structures, the
dominant mode is the TE11 mode. Hence this mode is chosen as f (ρ, ϕ
′). The integration
of Eq. (3-3) is tedious and will be omitted at this point. An analytic solution for g (R, θ, ϕ)
as sums of members of special integral functions is given in [Green06]. The electrical field
strength can be calculated by




sinϕC11k11 (W0 −W2) (3-4a)




cosϕ cos θC11k11 (W0 +W2) (3-4b)
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where k11 equals 1.841, V11 is the voltage at the aperture and C11 and the integral functions
Wn can be easily calculated numerically according to
Wn (kA, θ) =
∫ 1
0








(k211 − 1). (3-6)
Here, Jn is the Bessel function of the first kind. This set of equations can be used to
generate full 3D frequency dependent antenna patterns. As an example, Fig. 3.2a shows
the normalized antenna patterns in the E and H plane for a frequency of 67 GHz. In
addition to the theoretical curve, which is based on Eq. (3-4), measurement results are
shown. The measurements have been conducted with the same Agilent E8361A vector
network analyzer as for the channel measurements described in the beginning of this
section. This setup has been adapted for the antenna measurements similar to the setup
described in [Herre09,Herre10a].
As expected, the main lobe is symmetrical in both planes. The half power beamwidth
amounts to 20◦ in the E plane and 17◦ in the H plane. The pattern is shown for angles
between -20◦ and 20◦. For angles exceeding this range the gain is always more than 15 dB
lower than the maximum gain. In Fig. 3.2b the frequency dependent maximum gain is
shown. The theoretical values range from 20.4 dBi at 67 GHz to 22.5 dBi at 110 GHz
with an almost linear increase. The agreement between the analytically derived gain
and the measured gain is very good for both the angle and frequency dependent curves.
Hence, the simulated patterns can be employed in the RT simulations. In addition, the
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(a) Angular dependency.



















Figure 3.2: Measured and theoretical angular and frequency dependent antenna gain of
the conical horn antenna.
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Figure 3.3: 3D pattern of the horn antenna.
cross polarization ratio has been determined experimentally to be higher than 30 dB.
Fig. 3.3 shows the simulated three-dimensional pattern, which is used in the ray tracing
simulations.
3.2.1.2 Open-Ended Waveguides
Compared to the horn antenna, a different modeling approach has been followed. The
radiation characteristics have been determined using the commercial 3D full wave solver
HFSS, which is based on the finite element method [HFSS13]. Two types of open-ended
waveguides have been used in this thesis, namely WR-15 waveguides without waveguide
flanges and WR-10 waveguides with flanges.
The WR-15 antennas have been utilized in the radio channel measurements which will
be presented in Section 4.1.2. These measurements have been performed by the HHI in
Berlin. Since experimental data was not available for the WR-15 antennas, a comparison
between modeling and measurements was not possible. Nevertheless, as the open-ended
waveguide without flange possesses a very simple and well understood geometric structure,
the HFSS simulation results can be assumed trustworthy. The simulated antenna patterns
for the WR-15 waveguide are shown in Fig. 3.4 for a frequency of 60 GHz. At this
frequency the total antenna gain amounts to 6.3 dBi and the HPBW to 96° in the vertical
and 70° in the horizontal plane. In order to include the antenna patterns in the ray tracing
simulations, the radiation characteristics have been exported from HFSS in terms of 3D
data of the complex valued polarimetric Jones vectors.
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(a) 2D Pattern. (b) 3D Pattern.
Figure 3.4: Simulated angular dependent antenna gain of an open-ended WR-15 waveguide
at 60 GHz.
A model for the WR-10 waveguide is not needed in the framework of this thesis, be-
cause the comparison between measurement and ray tracing is done for the horn antenna
only (c.f. Section 3.2). The horn antennas has been chosen for this comparison due to
its narrow HPBW, which is necessary to spatially filter single MPCs. Nevertheless, the
knowledge of the basic radiation characteristics of the open-ended waveguide is helpful
for the interpretation of the measurement results. The WR-10 waveguide possesses a
typical connection flange (see Fig. 3.5a), which is not the case for the WR-15 waveguide.
As will be shown in the following, this leads to different radiation characteristics. Like
for the horn antenna, the radiation characteristics have been determined experimentally.
Fig. 3.5b shows the maximum gain over frequency. The frequency range between 67 and
110 GHz have been chosen in order to demonstrate the differences between the case with
and without flange. In the frequency range of interest (67 - 72 GHz), the measured gain
increases from 5 to 7.5 dBi. It is noteworthy that the gain characteristic does not increase
monotonically over the whole frequency range, as expected for an aperture antenna. In
order to analyze this behavior further, an HFSS simulation with a detailed geometric
model of the metallic waveguide flange, as depicted in Fig. 3.5a, has been conducted. In
addition to the measurement results, Fig. 3.5b also includes the simulated gain with and
without the waveguide flange. The gain without the waveguide flange has the expected
increasing behavior similar to the horn antenna. By taking the flange into account, the
measured characteristics cannot be reproduced exactly, as the radiation characteristics
are very sensitive to even slight unavoidable geometric modeling errors. However, at this
point the aim is only to demonstrate the general impact of the waveguide flange.
The simulated curves with and without flange highly deviate due to the fact that the
whole waveguide flange serves as a radiator and the structure can no longer be seen as
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(a) HFSS model.









































(c) Angular dependency (measured at 67 GHz).
Figure 3.5: HFSS model and antenna gain of the WR-10 waveguide.
a pure aperture antenna. The radiation pattern is in general supposed to be similar to
the case without the waveguide flanges as shown in Fig. 3.4a. Only small fluctuations
around the main beam direction are expected, which can be explained by the interference
of the primary waveguide radiation source and secondary radiation sources on the flange
[Owen46, Butso59]. These ripples can be clearly recognized in the angular dependent
measurements with the flange shown in Fig. 3.5c. Please note that the measurement
setup was intentionally built for highly directive antennas and hence is limited to an
angular range of −20° to 20°. Nevertheless, the measurement results are in line with
literature [Yoshi94,Baudr88,O’Kee10].
For the WR-10 waveguide antenna, the cross polarization ratio has been determined
and amounts to more than 20 dB. As the increase of gain with frequency is low and
approximately linear for the measured frequency band between 67 and 72 GHz, and
because the ripples in the antenna pattern are quite low, the discussed issues will not
influence the channel measurement results significantly.
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3.2.2 Path Loss and Shadowing
In this section, path loss and shadowing are analyzed in the conference room and living
room scenarios. Before the results are discussed, a brief overview about the choice of
the TX and RX locations in the different scenarios is given. Fig. 3.6a shows a schematic
of the conference room in top view with all relevant geometrical parameters. During
the measurements, the transmitter position was kept fixed with the antenna pointing to
the middle of the room. Complex transfer functions were measured at eleven positions
distributed in the whole room with distances from 1.70 m to 5.70 m. The main beam of
the receiving antenna was always orientated in the direction of the receiver.
A schematic of the living room scenario is depicted in Fig. 3.6b. The room is equipped
with typical furniture like an armchair, a couch or bookshelves. The methodology for
the derivation of the distance dependent path loss is basically identical to the one used
in the conference room. The transmitter is placed at a fixed position close to the TV.
Altogether thirteen receiver positions were distributed in the whole room, whereas LOS
conditions were ensured. The distances between TX and RX varies between 1 and 5 m.
In both rooms TX and RX are positioned at the same height of 1.10 m.
The determined parameters are based on an average of every measured transfer function.
Afterwards, a least square fitting has been applied to approximate the distance dependent
path loss in dB by
PL = 10 ·n · log10 (d) + PL0 (3-7)
for the different antenna configurations. Here, PL0 is the reference path loss at 1 m and



























Figure 3.6: Schematics of conference and living room.
48
3.2 Wideband 60 GHz Channel Measurements
RX  
VNA + TX 
 
(a)       (b) 
Fig. 1. (a) Photograph of the conference room and the measurement equipment. (b) Distance dependent average path loss 
between 85 and 90 GHz for the three different antenna configurations. 
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The interest in increasing carrier frequencies for wireless communications is growing worldwide. 
Current communication systems like Wi-Fi or Bluetooth operating in the low microwave region 
provide data rates of up to about 500 Mbit/s. These data rates will soon get insufficient because the 
demand for high speed wireless applications increases rapidly. Therefore communication systems with 
data rates of up to 3 Gbps operating in the 60 GHz band are currently under development. In order to 
reach even higher data rates to satisfy future demands the next step will be to envisage higher 
frequency ranges of 100 GHz and above where more bandwidth is available. Such systems will provide 
data rates of 10 Gbps and more [1-2]. 
In this paper we present a measurement based analysis of the indoor radio channel at frequencies 
between 67 and 110 GHz. Therefore measurement campaigns were carried out in different indoor 
environments such as a corridor and a fully furnished conference room. 
Measurement Setup 
The channel measurements were conducted in frequency domain followed by the calculation of 
channel impulse responses via inverse Fourier transform. The measurement system consists of an 
Agilent E8361A vector network analyzer and external transmitting and receiving test heads with      
WR-10 waveguide flanges for a frequency range from 67 to 110 GHz. Three different antenna 
configurations were used during the campaigns employing circular horn antennas (about 20 dBi gain) 
and open-ended waveguides with a gain of about 7 dBi. With these antennas it was possible to 
implement a configuration, where a sector antenna serves as transmitter and a highly directive antenna 
as receiver. This configuration emulates a typical antenna system for millimetre-wave WLAN 
applications. In addition two other antenna configurations (horn-horn, open-open) give the possibility 
to investigate the influence of the antenna on the propagation channel parameters.  
Fig. 1 (a) shows a photograph of the conference room where the measurements were performed. 
During the measurements the transmitter position was kept fixed. The transfer functions were then 
measured at ten positions with distances from 1.70 m to 5.70 m between transmitter and receiver.  
(a) Example positions of the TX and
RX antennas.



















(b) Distance dependent average path loss in the
conference room. The markers correspond
to the measured values.
Figure 3.7: Photograph of measurement setup and distant dependent path loss.
Table 3.1 summarizes the path loss and shadowing parameters. In order to account for
large-scale fading, the standard deviation σPL of the difference between the fitted curve
and the measurement values is given also. For the conference room, the values of the path
loss exponent lie between 1.5 and 1.7 and the reference values PL0 lie between 34 and
60 dB depending on the antenna configuration. The factor σPL amounts to 1.5 and 1.6
dB. In case of the living room measurements, regarding the path loss exponent free space
conditions, i.e. n = 2 could be observed, whereas PL0 is slightly lower than for the
conference room.
Fig. 3.7b shows the path loss as a function of distance between transmitter and receiver
in the conference room. Here, the measurement results are shown together with curves
fitted according to Eq. (3-7) for the three different antenna configurations. The influence
of the antenna gain can clearly be recognized. For the configuration with the open-ended
waveguide TX and the high gain horn antenna at the RX, the path loss amounts to values
between 47 dB and 57 dB. For the other configurations, the values are higher by 15 dB
and lower by 10 dB, respectively.
Table 3.1: Path loss and shadowing parameters.
Conf. Room Liv. Room
Ant. Config.: 1 2 3 1 3
n 1.6 1.7 1.5 2.0 2.0
PL0 34 46 60 30 58
σPL 1.6 1.5 1.5 1.4 1.5
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Table 3.2: Maximum achievable range dependent on MCS and scenario.
Conference Room Living Room
Ant. Config.: 1 2 3 1 3
MCS 1 (0.39 Gbps) 421.4 m 58.1 m 11.6 m 222.0 m 18.8 m
MCS 24 (6.80 Gbps) 20.5 m 3.3 m 0.4 m 7.8 m 0.7 m
Table 3.3: Time Dispersion Parameters
Conference Room Living Room
Ant. Config.: 1 2 3 1 3
RDS (ns) 0 - 1.4 0 - 1.2 0 - 12 0 - 1.5 0.5 - 2
MED (ns) 0 - 50 0.5 - 45 5 - 55 0 - 60 10 - 60
With these path loss models it is possible to get a first impression of the range of 60 GHz
communication systems in the considered scenarios. The IEEE802.11ad standard pro-
vides a list of the required receiver sensitivities for different Modulation and Coding
Schemes (MCS). These sensitivities range from -68 dBm for MCS 1 (BPSK, SC, 0.39
Gbps) to -47 dBm for MCS 24 (64-QAM, OFDM, 6.80 Gbps) [IEEE812]. Based on these
values and the path loss models, the maximum achievable data rates can be calculated.
These are summarized in Table 3.2 under the assumption of a realistic PA output power of
10 dBm [Yong11]. Furthermore, a large-scale fading margin of 2 dB is taken into account,
which corresponds to an outage of about 90 % under the assumption of a log-normal fad-
ing with standard deviation σPL. Regarding MCS 1, communication is feasible in both
scenarios and with all antenna configurations as the maximum ranges exceeds the typical
dimensions of conference and living rooms. This does not hold for MCS 24. The results
show that the use of directive antennas will be mandatory or such high data rates will be
limited to short-range applications. It is noteworthy that these results are valid for LOS
conditions and perfectly aligned antennas, only. If these conditions are not satisfied, the
maximum range can decrease significantly. More advanced feasibility studies, which take
into account NLOS and human blockage will be presented in Chapter 5.
3.2.3 Time Dispersion Parameters
Time dispersion parameters including RMS delay spread (RDS) and maximum excess
delay (MED) are used to quantify the time dispersive properties of the measured wideband
multipath channel. Both of them are determined from the power delay profiles based on
the measurements taken in the different scenarios. The RDS is defined as the normalized
second order central moment of the PDP [Molis05]. The MED is defined as the time delay
between the first arriving signal and the multipath component within a pre-determined
threshold of the strongest arriving multipath signal.
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Table 3.3 summarizes the resulting parameters. A noise threshold of 30 dB is applied.
The RDS values are extremely small, especially for the antenna configurations with one
or two horn antennas, because here the direct path is extremely dominant and is more
than 30 dB stronger than the other paths. The maximum excess delay is similar for
all antenna configurations and amounts to values up to 60 ns. However, it is smaller in
most of the cases. The two different scenarios show no significant differences. A more
detaild investigation of the time dispersive channel properties can be found in the author’s
separate publication [Jacob09a].
3.2.4 Spatio-Temporal Channel Measurements
In this section, the spatio-temporal characteristics of the 60 GHz multipath channel are
investigated experimentally. Besides the delay domain, the azimuth domain is also con-
sidered in the measurements. For this purpose, both the TX and the RX antennas are
rotated around a vertical axis (see Fig. 3.8). In case of the TX, the rotation is done with
a motorized rotation stage. The RX is rotated manually. The VNA and the motorized
rotation stage are controlled by one PC using the General Purpose Interface Bus (GPIB)
and the USB interface. The control software has been programmed in Python.
The result for one TX/RX placement is a set of angular-dependent channel impulse re-
sponses h (τ, ϕAoA, ϕAoD). In order to spatially resolve individual MPCs, the directive
horn antennas are used. The antennas enhance the dynamic range of the VNA further
by 41 dB. Hence, MPCs with a path loss of up to about 136 dB can be detected. Ac-
cording to the antenna HPBW a spatial measurement resolution of 5◦ is chosen. With
the parameters above, a measurements cycle for the entire azimuth domain (360◦× 360◦)
takes about two hours. As the horn antennas are linearly polarized and the test heads







Figure 3.8: Measurement setup for the spatially resolved measurements.
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3.2.4.1 Conference Room
Path Loss of the MPCs In the conference room, angular dependent measurements have
been taken at two positions (RX1, RX2). The TX position is the same as for the path
loss measurements. Fig. 3.9b shows the quasi-omnidirectional power delay profile |h(τ)|2
for position RX1. This PDP has been composed from all angular dependent measure-
ments h (τ, ϕAoA, ϕAoD) by performing a maximum search across all angles for each value
of τ . Corresponding to the link distance of 5.58 m, the LOS component arrives at 18.6 ns.
The ToAs of the reflected MPCs have been determined by ray tracing simulations and
are marked according to the numbering in Fig. 3.9a. Please note that at this point the
RT simulations are consulted in order to interprete the measurement results better. For
instance, RT provides the opportunity to assign the measured MPCs unambiguously to
one geometrical path. A detailed quantitative comparison between RT and the measure-
ment results for position RX2 will be presented in combination with the calibration in
Section 3.3.
Altogether five first order MPCs exist (see Fig. 3.9a), resulting from reflections at the four
walls and the ceiling. The first order reflection from the floor is blocked by the table.
Moreover, six second order reflections and seven third order reflections could be detected.
The total loss of the individual MPCs consists of two parts, namely the free space loss
according to the travelling distance and the reflection losses. With the knowledge of the
ToA, both can be calculated. Fig. 3.10 shows these losses for all MPCs. The total loss











































(b) Cut-out of the measured PDP.
Figure 3.9: Conference room scenario and measured power delay profile for position RX1.
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Figure 3.10: Path loss per MPC.
Free Space Refl. Total
LOS 84.6 dB - 84.6 dB
1 87.8 dB 7.4 dB 95.2 dB
2 91.2 dB 11.2 dB 102.4 dB
3 93.4 dB 18.2 dB 111.6 dB
Table 3.4: Average path loss of the MPCs.
the influence of human blockage. The loss generally increases with the reflection order.
This has two reasons. First, each reflection process attenuates the electromagnetic wave
more. Second, the higher the reflection order is, the longer is the distance covered by the
wave. The average loss values, summarized in Table 3.4, confirm both facts. In case of
the single reflections, the reflection losses amount to values between 4.6 and 11.8 dB. The
average reflection losses are higher by 3.8 dB in case of the 2nd order reflections and by
10.8 dB in case of 3rd order reflections. The total loss increases by about 7 dB to 11 dB
per reflection, whereas here the contribution of the free space loss increase is only 2 dB to
3 dB.
Angular Dispersion The angular dispersion behavior of the 60 GHz radio channel is of
special interest, as antenna systems will be employed, which adapt to varying conditions
in the spatial domain. The goal of this section is twofold. On the one hand the angular
dispersive channel characteristics are qualitatively and quantitatively evaluated. On the
other hand, a comparison with RT should demonstrate the validity of the RT simulations.
In Fig. 3.11a a complete angular power profile (APP) is shown, measured at position RX1.
The APP represents the power of the strongest MPC for each ϕAoA/ϕAoD combination. In
the figure, the expected ϕAoA/ϕAoD combinations computed by RT are marked addition-
ally. As it can be seen, the single MPCs span a certain angular range. This can be traced
back to the antenna patterns, which broaden the MPCs in the spatial domain. Fig. 3.11b
shows the same APP derived from RT simulations. The rotation of the antennas is con-
sidered in the RT in the same way as in the measurements. A qualitative comparison
reveals that the agreement between simulation and measurement is very good. With a few
exceptions, the relevant paths are visible in both APPs. As mentioned above, a detailed
analysis of this comparison will be presented in Section 3.3.
The representation of the APP in Fig. 3.11 is not very intuitive and lacks the information
about the ToAs. In order to interprete the results better, other representations are more
appropriate. For a better interpretation of the results, Fig.3.12 shows a panorama view
seen from the RX and the TX. The yellow marks correspond to LOS and first order MPCs,
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Figure 3.11: Comparison of simulated and measured angular power profiles. The yellow
circles mark the direction of the LOS and first order ray tracing MPCs.
the red circles correspond to higher order reflections. The radii of the circles qualitatively
indicate the received power. Fig. 3.13 depicts angular dependent power delay profiles
extracted from the measurement results. Again, measurement and RT are contrasted. In
theory, a single MPC is expected to cause one sharp peak in the spatio-temporal domain.
The phenomenon of the broadening in the angular domain has been already discussed
above. The pulse broadening in the delay domain is caused by IFFT leakage [Prieb13b].
As a countermeasure to this effect, a Kaiser windowing (α = 2.5) has been applied in
frequency domain before the inverse Fourier transformation.
Regarding the AoA profile, it is notable that the MPCs are arranged in clusters with
similar AoAs and ToAs. For instance, the MPCs 1, 3, 4 and 5 arrive at an angle of
about 200°. Additionally, three further clusters exist at about 50°, 140° and 350°. All
four clusters can be also observed in the RT result. It is also noteworthy that there are
angular ranges, where no significant MPCs exist (e.g. around 25°, 180° or 290°). In the
AoD domain, the MPCs are distributed more equally over the whole angular range. This
is particularly evident when the panorama views are compared. In the AoD domain in
principle a similar behavior can be observed, which will be discussed below.
The comparison between RT simulations and measurements reveals that the spatio-
temporal characteristics agree in principle. Nevertheless, a few differences can be noticed.
These should be analyzed more detailed in the following. Therefore the temporal as well
as angular features of exemplary MPCs are shown in Fig. 3.14 in terms of PDPs and AoD
profiles. Regarding the characteristics in the delay domain, the results experience a pulse
broadening, which is partly caused by IFFT leakage effects, as it occurs in the RT simula-
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Figure 3.12: Direction of arrival/departure of RT MPCs superimposed on panorama views
seen from TX and RX positions, respectively.
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(a) AoA profile (measured) (b) AoA profile (RT)
(c) AoD profile (measured) (d) AoD profile (RT)
Figure 3.13: Comparison of simulated and measured angular-dependent power delay pro-
files. The LOS and first order ray tracing MPCs are marked.
tions also. However, contrary to the measurements, single peaks can be recognized in the
RT results. Especially, in case of MPC 5 and 6, this is not the case for the measurements.
For instance in Fig. 3.14c, the major peak is followed by a peak with approximately half
the amplitude. This could be caused by propagation mechanisms, which are not taken
into account by RT. These could be for example scattering at rough surfaces or multiple
reflections within objects. In order to further evaluate this effect, the angular domain is
analyzed in the following. For this purpose, Fig. 3.14 additionally includes AoD power
profiles of three selected MPCs. These are basically vertical cut-outs from the APPs in
Fig. 3.11. In case of the LOS path, the measured and simulated angular profile agree
perfectly. The same holds true for MPC 6, although another peak could be observed in
time domain. In both cases the characteristics are dominated by the spatial filtering of
one MPC by the antenna pattern. Regarding MPC 5, the measured AoD profile is slightly
distorted compared to the simulated one. The level at lower angles are for instance higher
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Figure 3.14: Exemplary MPCs separated in the temporal domain and the AoD domain.
in the measurements, which can be explained by the absence of the MPC with the center




] in the RT results. However, together with
the findings in the temporal domain, it seems likely that the RT lacks another MPC ad-
jacent to MPC 5. Concluding this qualitative comparison, a good agreement between RT
and measurements could be observed, except some minor deviations.
Condensed Angular Dispersion Parameters An appropriate measure for the angular
dispersion is the RMS angular spread. Similar to the delay spread of the PDP, it is
defined as the standard deviation of the APP. However, the conventional calculation of
the standard deviation would lead to an overestimation of the angular dispersion due
to the ambiguity of the angle definition on a circle (ϕ =̂ϕ± n · 2pi). Therefore [Fleur00]










Please note that the azimuth profile P (ϕ) has to be normalized so that its integral is
unity. Under this assumption, it can be shown that 0 ≤ σϕ ≤ 1 [Fleur00], whereby σϕ = 1
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indicates a high dispersion with approximately equally strong MPCs evenly spaced across
the entire angular range. σϕ = 0 describes a channel with one relevant MPC only. This
makes it a very convenient parameter, which is intuitively understandable.
Table 3.5 summarizes the angular spread for all measured APPs. In order to characterize
the sole channel, the local maxima of the APPs are considered only. Otherwise the
broadening in the angular domain, which is caused by the measurement antennas would
distort the results. The results are given for the original APPs as well as for APPs, where
the LOS component has been removed. This is done in order to analyze the angular
distribution of the reflected MPCs only. In addition to the conference room, Table 3.5
also includes data for the living room, in which polarization dependent measurements
have been performed. The results of these will be discussed in detail in the next section.
The measured angular spreads lie between 0.25 and 0.97. The APPs, which corresponds
to the maximum and minimum spread, are depicted in Fig. 3.15. In Fig. 3.15a, the
LOS component clearly dominates the APP. In this specific case, all other MPCs are at
least 18 dB below the LOS component and have only marginal influence on the angular
spread (cf. Fig. 3.18a). This is different for the APP corresponding to the maximum
spread (see Fig. 3.15b). Here, several strong path exist, distributed across the whole 360°.
Remarkably, the minimum as well as maximum angular spread has been observed under
LOS conditions. However, as expected the angular spread is typically higher in NLOS
situations.
The discussion of the APPs in Fig. 3.13 and Fig. 3.12 has lead to the observation that
the MPCs are more equally distributed in the AoD domain than in the AoA domain.
However, against intuitive expectation, the angular spread value is higher for the AoA
measurements. The reason for this is that MPCs are in fact distributed over the whole
angular range, but the main fraction of the power is transferred via the MPCs 1, 2, 5 and
6, which are closely spaced in the AoD domain. In the AoD domain 62% of the power is
distributed over a 90° wide range, whereas it takes at least 160° in the AoA domain to
receive this amount of power.
The findings stated above are based on a few measurements only. Nevertheless, it may be
assumed that depending on the placement of TX and RX, significantly different situations
Table 3.5: Measured RMS angular spread.
Conference Room Living Room
Position1: RX1(V) RX2(V) RX1(V) RX1(H)
w/ LOS
AoA 0.97 0.62 0.48 0.28
AoD 0.67 0.43 0.30 0.25
w/o LOS
AoA 0.97 0.73 0.76 0.95
AoD 0.80 0.67 0.67 0.90
1 vertical polarization (V), horizontal polarization (H)
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(a) AoD profile, RX1(H) living room,
σϕ = 0.28.




















(b) AoA profile, RX1(V) conference room,
σϕ = 0.97.
Figure 3.15: Exemplary APPs which are used as base for the angular spread calculations.
may occur in one and the same environment. The results from extensive ray tracing
simulations in the conference room scenario confirm this statement [Ku¨rne09].
3.2.4.2 Living Room
In this section, the angular-dependent measurements in the living room are presented.
The focus here lies on the polarimetric features of the radio channel. The influence of
the type of antenna polarization on the 60 GHz radio propagation channel as well as
on the whole system performance has already been investigated by different research
groups [Manab95, Manab96, Zhao03, Yong06, Yang08b, Yıldı08, Malts10c]. To summarize
the results, linear polarization would be the best choice if multipath components should
be utilized. In LOS situations, circular polarization would be better than linear polariza-
tion because unwanted multipath components are suppressed. But, in case of directive
antennas multipath components are suppressed anyway. In addition, when the commu-
nication link has to rely on NLOS paths, this would be a drawback and the path loss
for circular polarization would be higher than for linear polarization. Comparing vertical
and horizontal polarization there is no significant difference, although vertical polarization
leads to a slightly lower path loss because reflections from the side walls are more effective
than for horizontal polarization.
The polarization impact is analyzed based on measurements in the living room. In order
to determine angular power spectra, the same measurement procedure as in the confer-
ence room has been carried out. With the measurement setup, horizontally as well as
vertically polarized radiation is possible by simply rotating the antennas by 90°. Due to
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(a) Living room scenario.






















(b) PDPs for different polarizations.
Figure 3.16: Living room geometry and power delay profiles.
the good spatial filtering capability of the horn antennas, the polarization properties of
single transmission paths can be determined
The living room scenario has been described already above. In this investigation, the
transmitter has been placed near the television setup (see Fig. 3.16a). The receiver posi-
tion is located near the left wall of the room at a distance of 2.94 m to the transmitter.
In addition to the room geometry, chosen rays obtained from RT are shown in the figure
also. These rays serve for explanations in the text below.
Fig. 3.16b shows power delay profiles extracted from the angular dependent measure-
ments. Here, the maximum value of the angular dependent channel impulse response
h (τ, ϕRX , ϕTx) has been determined for each delay value τ . In this way, an antenna with
omnidirectional characteristic in the horizontal plane can be emulated. Under the as-
sumption of a threshold of -30 dB, the maximum excess delay amounts to 36 ns for both
polarizations. Regarding a comparison between both polarizations, the qualitative be-
haviour is in accordance with the literature mentioned above. As the reflection processes
are in general more effective for vertically polarized waves, the multipath components are
stronger in most of the cases. A slightly higher delay spread (5 ns compared to 4 ns)
substantiates this conclusion. A more detailed analysis based on the angular dependent
measurement data will be given in the following.
In Figs. 3.17a and 3.17b, the angular power spectra are shown for both polarizations.
The general characteristics are similar to those already described in conjunction with the
conference room measurements. The yellow circles as well as the green squares mark the
positions of the rays in Fig. 3.16a. The circles indicate the LOS and first order reflections,
the squares indicate second and third order reflections. These seven rays have been chosen
60



































































Figure 3.17: Angular power profiles measured in the living room. The markers correspond
to the rays in Fig. 3.16a. The circles represent the first order reflections, the
squares represent second order reflections. In addition, MPCs which are not
depicted in Fig. 3.16a are marked by numbers.
exemplarily, as otherwise in Fig. 3.16a a clear illustration would not be possible. The
other MPCs are also consecutively numbered. Their power is analyzed below. From the
angular power spectra it can be observed again that the MPCs are in general stronger in
case of the vertical polarization.
Fig. 3.18a depicts the normalized received powers, where the dependency on ϕAoD has been
eliminated by taking the maximum power value for each angle ϕAoA. It is noteworthy that
even the LOS power differs by about 3 dB. Explanations for this are inaccuracies of the
mechanical measurement setup and the measurement uncertainties of the VNA [Schra11].
In case of MPC 2 and 3, the power for the horizontal polarization is slightly higher, whereas
in case of MPC 4 and 5 the power is significantly higher for vertical polarization. The
difference between the received power ∆P for the vertical polarization and the horizontal
polarization for all MPCs is illustrated in Fig 3.18b. In 6 out of 16 MPCs the power
level is higher for the horizontal polarization, but the difference amounts to only 2.5 dB at
maximum. This behavior is physically implausible as no polarization change is expected,
and can only be explained by the errors already mentioned above. In general, the received
power for vertical polarization is considerably higher. The MPCs 4 to 7 for instance exhibit
values of ∆P between 11 and 29 dB. They all have in common that they are reflected
at the left wall under similar angles. The relatively high deviations occur, because the
reflection angles all lie in the angular range around the Brewster angle.
In addition to the measurements with co-polarized antennas, the depolarization of the
MPCs is measured. It has been found that the cross polarization discrimination of all
MPCs is higher than at least 17 dB, which makes depolarization effects negligible. These
high values are plausible as the TX and the RX lie in one horizontal plane. However,
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(a) AoA power profile.


















Figure 3.18: Results of the angular dependent measurements in the living room regarding
the polarization impact. The numbering correspond to the labels in Fig. 3.17.
geometrical depolarization can be expected if the TX and the RX do not lie in a horizontal
plane.
In the following, radio channel measurements will be presented for a kiosk download
scenarios. In contrast to the applications, which are adressed so far, here the transmission
distances are significantly shorter.
3.2.5 Kiosk Download Scenario
Wireless data kiosks are among the most important use cases for multi-gigabit systems.
Such kiosks enable up- and downloads of e.g. video or music files. As the operational
distance is limited to ranges of about 1 m it is likely that low-complexity devices with
conventional antennas will be employed [Bayka11]. Only few propagation studies for
this scenario exist. In [Sato07] for example, a channel impulse response model based on
measurements is proposed. Another study reveals that the kiosk scenario provides nearly
AWGN conditions, but, the coherence bandwidth may be in the order of the envisaged
transmission bandwidth [Garci11].
Two exemplary issues will be discussed at this point. The first study analyzes a possible
misalignment between the antennas of the mobile device and the kiosk. The second
analysis treats multipath components caused by multiple reflections between transmitter
and receiver. Both studies are based on an extensive measurement campaign using the
equipment already described above. The setup is shown in Fig. 3.19a. It consits of a
transmitter with a fixed position at the origin of a local coordinate system. The receiver
is located on a translation stage that can be moved in x- and y-direction with a spatial
resolution of 1 mm. In the measurements its x-position has been varied between -10 and
10 cm and the y-position between 5 and 30 cm. As for the conference room scenario,
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(b) Antenna misalignment measurements.
Figure 3.19: Measurement setup and results of the kiosk download scenario analysis.
three antenna configurations have been considered (horn-horn, open-horn, open-open).
Behind the transmitter, different housing materials are emulated by metal, PVC and ply
wood samples (see Fig. 3.19a). On the receiver side, the electromagnetic waves may be
reflected at the metal housing of the mm-wave test head.
For the misalignment analysis, the receiver has been moved in x-direction for a fixed
longitudinal displacement of y = 30 cm. The measured received power is depicted in
Fig. 3.19b. It is normalized to the maximum value for each antenna seperately. In any case,
the measurement follow the antenna characteristics of the considered antennas. Hence,
multipath propagation seems to have no significant influence on the received power, which
agrees with the results in [Garci11]. A likely antenna configuration in such a short range
scenario will employ omnidirectional or at least only slightly directive antennas. Hence,
the open-open configuration seems to be the most representative configuration for this
scenario. In this case, the maximum loss due to misalignment amounts to 4.4 dB at
an x-shift of 10 cm. It is noteworthy that the actual maximum received power of course
strongly depends on the maximum antenna gain. The horn-horn configuration for instance
provides a power level 26 dB higher than the open-open configuration.
Fig. 3.20a shows two measured power delay profiles for TX and RX separated by 30 cm.
Here the case of a perfect antenna alignment is depicted for a metal as well as a PVC
housing material. The strong LOS component is identical for both materials. In case of
metal, five distinct MPCs can be recognized. The first MPC is caused by a wave being
reflected at the metal housing of the receiver and at the material sample at the transmitter
before reaching the receiver. The next MPCs each travel between TX and RX once more.
The delay between consecutive MPCs amounts to 2.8 ns, corresponding to a path length
difference of 84 cm, which is approximately twice the distance between material sample
and metal housing. Four of the MPCs are less than 35 dB below the LOS component and
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(a) Power selay profiles.














(b) RMS delay spread statistics.
Figure 3.20: Results of the kiosk download scenario analysis.
may have an impact on data transmission. In case of the PVC sample, these components
are 5 to 12 dB lower.
In order to quantitatively compare the influence of the different materials, statistics of the
RMS delay spread have been derived. These are based on all translational displacement
configurations with the open-open configuration. Fig. 3.20b illustrates these statistics
in terms of cumulative distribution functions for the different materials. Here, MPCs up
to 30 dB below the LOS component have been taken into account. As expected, the
delay spread is the highest for the metal sample because the MPCs are stronger than for
the other materials. The average delay spread amounts to 0.52 ns in the case of metal.
According to the reflectivity of the materials, the values for the PVC measurements are
on average lower by 0.09 ns and lower by 0.21 ns for the wood respectively. All delay
spread values lie between almost 0 and 1.5 ns. These low values even for highly reflective
housings are in line with [Garci11] and support the findings that nearly AWGN conditions
can be assumed in the kiosk scenario. However, in face of the high envisaged data rates,
even a slight temporal dispersion may lead to a performance degradation.
3.3 Ray Tracing Calibration
The discussion of the measurement results above has shown that the qualitative agreement
between measurement results and RT results is very good. However, the RT accuracy in
terms of the MPCs’ amplitudes has not been considered so far. As mentioned above, reflec-
tions up to the third order have been considered in the RT. The amplitudes of the reflected
MPCs are calculated based on the free space loss according to the MPCs’ path length and
the reflection losses calculated by the well known Fresnel equations [Schac12, Prieb13b].
The component which is critical for the accuracy is the reflection loss, as it relies on
an accurate knowledge of the dielectrical parameters of the objects in the simulated
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environment. This knowledge rarely exists, especially in complex environments with a
multitude of different materials. Besides the possibilty to determine the parameters by
time-consuming direct measurements of building materials [Seide94], a site-specific cali-
bration of the RT by only a few radio channel measurements can be used [Jemai09]. In
this thesis the calibration methodology presented in [Jemai09] is seized and extended. The
concept of RT calibration is to minimize the deviation between measured and simulated
CIRs by adjusting the dielectric material parameters. Usually this is done in the delay
domain only, i.e. for h(τ). In [Jemai05] it is proposed to include the AoA domain. How-
ever, [Jemai05] does not reach beyond the presentation of early results. In this thesis, this
approach is further extended by taking into account the directional information at RX as
well as TX, which improves the assignment between measured and simulated MPCs sig-
nificantly. Thus, the base for the calibration are angular-dependent CIRs h (τ, ϕRX , ϕTx).
In the following, the calibration algorithm is explained and the calibration performance
will be presented exemplarily for the conference room scenario.
3.3.1 The Calibration Algorithm
As the basis for the calibration algorithm, a simulated annealing approach is employed.
Simulated annealing is derived from the simulation of thermal annealing of critically
heated solids, which is done by slowly decreasing their temperature [Rao09]. This al-
gorithm is an iterative optimization technique, being able to provide a global optimal
solution for arbitrary degrees of nonlinearity.
A cost function describes the deviations between the intended solution and the current
solution for a certain parameter set. Here, the cost function is defined as the difference




j=1 (Pj,meas − Pj,RT )2
NRays
, (3-9)
which must be minimized in order to determine the best-fitting, i.e. the most realistic,
material parameters from the measurements for the ray tracing simulations. The core of
the algorithm is the so called Metropolis criterion, which defines the probability pacc for
the acceptance of a new cost function f (X) at a given temperature T [Rao09]:
pacc =
{
e−∆f/T for ∆f > 0
1 for ∆f < 0,
(3-10)
with ∆f = fi+1 − fi. Thus, with a probality of e−∆f/T a new ray tracing solution Xi+1
is allowed to be worse compared to Xi. The lower the temperature gets the lower this
probability gets. In contrast to simple hillclimbing methods, it is made sure that the
algorithm is able to leave a local minimum of the cost function in order to reach the
global minimum.
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Start with initial ray tracing solution 
X1, initial temperature T1 and 
parameters n and c
Stop
Find cost function f1 = f(X1)
Initialize fbest  = f1
Set iteration number i = 1 
and cycle number p = 1
Generate new ray tracing solution 
Xi+1 in the vicinity of Xi
Compute fi+1 = f(Xi+1) and Df = fi+1-fi
Accept or reject Xi+1 according to 
Metropolis criterion 
fbest  = min{fbest; fi+1} à Xbest 
Update iteration number 
as i = i+1
Is number of 
iterations i  n?
Update the number of cycles 
as p = p+1
Set iteration number i = 1 
Yes
Set best solution Xbest 
as new initial solution X1  






Figure 3.21: Flow chart of the simulated annealing algorithm. Adapted from [Rao09].
Subsequently, the algorithm is applied to our specific problem. For a general more detailed
description, a variety of literature exists, e.g. [Ingbe93]. Fig. 3.21 depicts a flow chart of
the algorithm. The algorithm begins with an initial ray tracing solution X1 and the
initial temperature T1. The initial set of material parameters can be based upon typical
known values, e.g. from literature. In addition the control parameters c and n have to be
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set. They define the temperature reduction and the number of iterations per temperature
step.
In a first step, the initial cost function f1=f (X1) is determined according to Eq. (3-
9). The parameters i and p specify the indices for temperature reduction and number
of iterations per temperature step. In the next step a new ray tracing solution Xi+1
is generated. This is done by performing the electromagnetic computations for a new
random set of material parameters and the subsequent calculation of the ray power Pj,RT .
The new solution is then accepted with the probability defined by Eq. (3-10). This process
is repeated n times, before the temperature is reduced by the factor c. If the convergence
criteria are satisfied, the algorithm stops, otherwise the algorithm starts again with the
generation of a new ray tracing solution. The convergence criteria is given by a maximum
number of p cycles.
In this specific application the choice of the algorithm’s input parameters [c, n, T1, p] and
the way of generating random material parameters is crucial and has high impact of the
convergence of the solution. An analysis revealed shown that [c, n, T1, p] = [0.95, 10, 4, 100]
provide good results in terms of convergence to a global optimum. For the generation
of new random material parameters the current values are taken and a random number
is added to its value. The random numbers follow a uniform distribution between -0.5
and 0.5 in order to get new parameters in the vicinity of the current ones. The random
numbers are additionally weighted by the factor T/T1 in order to limit the variation
of possible new parameters with increasing temperature. The randomization is done
separately for the real and imaginary part of the relative permittivity. As boundary
conditions for valid permittivities εr > 1 and 0 < tanδ < 0.5 have been chosen
1, as
a smaller εr is implausible and the loss tangent typically lies in the mentioned range
[BROAD02]. Please note that the parameters are assumed to be constant over the whole
frequency range of interest.
3.3.2 Mapping of Channel Measurement and Ray Tracing Data in
the Spatio-Temporal Domain
Conventional RT calibration algorithms like in [Jemai09] only contrast measured and
simulated PDPs without assigning corresponding rays to each other in the cost function.
Without further information, this would require a perfect match of measured and simu-
lated ToAs, which is virtually impossible. Hence the cost function definition is erroneous
from the outset. In this thesis, a mapping of measured and simulated rays improves
the calibration accuracy. The mapping is done in the spatio-temporal domain by using
the angular dependent measurements introduced in Section 3.2.4. The advantage of this
methodology is that MPCs, which overlap in the temporal domain, are very likely to
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Figure 3.22: Comparison between measured and simulated PDP for MPC 2 at position
RX1 before and after the calibration.
cost function, the powers Pj,meas and Pj,RT of each MPC have to be extracted from the
measured and simulated APPs h (τ, ϕRX , ϕTx).
The extraction proceeds as follows. In a first step, the initial expected power from RT is
determined for each MPC. Then, the MPCs, which definitely lie under the noise threshold
of the measurement system are suspended. Now, the expected values τexp, ϕRX,exp and
ϕTx,exp are known for each potentially measured MPC from RT. Based upon this, the
measured and simulated PDPs h (τ, ϕRX , ϕTx) |ϕRX,exp,ϕTx,exp are contrasted at the corre-
sponding angle coordinates. Fig. 3.22 shows this comparison exemplarily for MPC 2 for
position RX1 in the conference room. In the measurements a clear peak is observed,
whereas other MPCs are suppressed by more than 20 dB due to the high directivity of the
horn antennas. Although the measured characteristic is not as smooth as the RT results,
the figure demonstrates very well that it is possible to unambiguously match the MPCs.
Fig. 3.22 also demonstrates the impact of the calibration as it shows the RT result before
and after the calibration. Due to the change of the material parameters, the deviations
between RT and measurement are reduced significantly. For the actual comparison in the
cost function, the peak values of the MPCs are chosen. Due to the limited measurement
resolution as well as inaccuracies of the geometrical scenario, the expected values may
deviate from the measured ones. For this reason, an additional peak search in the vicinity
of the expected position of the MPC is performed in the spatio-temporal domain. The
MPCs from the RT, which are used for the calibration in the conference room, are marked
in Fig. 3.11 on page 54. All of them could be assigned to measured MPCs. Vice versa, all
measured MPCs except three could be assigned to simulated ones.
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3.3.3 Calibration Performance and Validation
As stated above, the performance of the developed calibration methodology will be demon-
strated in the conference room scenario. The measurements at position RX1 are used
for the actual calibration. Subsequently RX2 is used to validate the calibration results.
The cost function is based on the marked MPCs in Fig. 3.11a. In detail, these are four
first order, six second order and seven third order reflections. For the RT simulations,
six different materials have been assigned to each surface element, namely carpet, wood,
plastic, plaster, glass and metal. The initial dielectric parameters are taken from litera-
ture [BROAD02]. They are summarized in Table 3.6. Please note that in case of metal,
a PEC has been assumed initially. However, the boundary conditions mentioned above
proved sufficient to represent the high reflectivity of metal. Hence, during the calibration
the same boundary as for the other materials have been used.
The randomization of the material parameters has been done following two different ap-
proaches. On the one hand, the material database has been calibrated, i.e. for each
calibration cycle six new complex permittivities have been assigned to the six materials.
On the other hand, the surface elements of the scenario have been calibrated individually,
i.e. one permittivity value has been assigned to each surface element. Both approaches
have advantages as well as disadvantages. The assumption of one dielectric parameter
per material may be unrealistic in case of the database calibration. In addition, different
types of a material class may have significantly different dielectric properties. On the
other hand, the element-wise approach can only calibrate elements where reflections ac-
tually take place. Other elements remain unaffected by the calibration procedure. In this
regard, it is definitely more advantageous to calibrate the material database. Further-
more, the number of cycles, which are needed for convergence of the surface calibration
depends on the number of scenario elements. This may be a significant drawback for large
scenarios.
The calibration performance is demonstrated in Fig. 3.23. Here, the cost function progress
is shown over the number of cycles m. Please note that the cost function is averaged over
100 calibration runs, which explains the very smooth characteristics. The results are
shown for three different cost function definitions. The different definitions comprise
MPCs up to the third order, up to the second order or the first order reflections only. All
cost functions decrease exponentially with the number of cycles until they converge to the
Table 3.6: Initial and calibrated material parameters.
Carpet Wood Plastic Plaster Glass Metal
Initial
ε′r 1.50 2.07 3.91 6.46 7.78 PEC
tanδ 0.007 0.200 0.084 0.070 0.110
Calibrated
ε′r 5.16 6.60 4.86 11.33 9.13 4.78
tanδ 0.029 0.068 0.133 0.100 0.112 0.462
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Figure 3.23: Convergence of the cost
function.
Cost Def. Initial DB Surf.
1st order 3.7 dB 3.3 dB 0.0 dB
1st - 2nd order 3.5 dB 3.4 dB 2.8 dB
1st - 3rd order 6.6 dB 6.0 dB 4.7 dB
Table 3.7: Minimum cost function after
calibration.
optimum solution. The initial value and the minimum cost function after calibration are
additionally summarized in Table 3.7. In general, the element-wise calibration outper-
forms the database calibration, which is immediately obvious. For instance, the database
calibration provides only marginal improvement in case of a calibration based on the first
order reflections only. On the contrary, the cost function becomes zero by applying the
element-wise calibration. The reason for this is that the calibration involves four surface
elements, one for each reflection, but only three different materials. Hence, two MPCs
are reflected allegedly at the same material. On closer inspection, it could be observed
that the calibration algorithm was not able to minimize the deviations between RT and
measurements for these two MPCs at the same time. This raises the conclusion that the
assumption of one and the same material is not realistic here.
By contrast, four different material parameters are assigned to each of the four elements
after the element-wise calibration, which seems to be more realistic under the mentioned
circumstances. The better performance of the surface calibration for the cost functions
employing higher order MPCs can be explained analogously. Regarding the absolute
calibration performance, it is noteworthy that the minimum cost function lies in the same
order as the initial solution. For instance, a database calibration based on all MPCs
leads to an improvement of the cost function by only 0.6 dB. This suggests that the
initial material database, which has been taken from literature, may be already nearly
optimal. On the other hand it could mean that the assumption of a limited number of
materials may not be sufficient to describe the scenario. In the following, this will be
further analyzed.
Fig. 3.24a shows the distribution of the minimum cost function based on 100 calibration
runs. All characteristics are very steep, i.e. the optimal solution is quasi-identical for all
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(a) Initial parameters from literature.
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(b) Initial parameters randomized.
Figure 3.24: Distribution of the minimum cost functions based on 100 calibration runs.
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Figure 3.25: Deviations between RT and measurements before and after calibration.
calibration runs. This is especially the case for the database calibration, where standard
deviations of the minimum cost function of 0.01 and below occur.
In order to further analyze the robustness of the algorithm, randomly generated material
databases have been used as initial values for the calibration. The values of εr have been
varied independently between 1 and 10 and the loss tangent between 0 and 0.5 according
to uniform distributions. This has been done for 100 calibration runs and lead to initial
cost functions of 20 dB and more, which is far higher than using the data from literature.
Fig. 3.25 shows the deviations between simulated and measured multipath power before
and after the calibration for one examplary run. Here, a database calibration has been
performed. The initial differences amount to 2 to 35 dB. In most of the cases, the power
differences decrease by 5 dB and more after the calibration. In this example, the cost
function converges from the initial value of 16.5 dB to 6.0 dB. Hence, the same performance
is achieved as for initial parameters taken from literature (cf. Fig. 3.23).
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The CDFs of the minimum cost functions with randomized initial materials are shown in
Fig. 3.24b. When comparing these distributions with the ones in Fig 3.24a, virtually no
difference can be observed. The averages are in fact identical. Hence, it has been proven
that the optimum solution does not depend on the initial conditions, which demonstrates
the high robustness of the algorithm. At the same time it can be concluded that the
initial set from literature already provides realistic parameters.
3.3.3.1 Verification with Different Measurements
So far, the cost function f (X) used for the calibration has relied on measurements and
RT results at position RX1 only. Hence, no statements about the general validity of the
optimum calibration solution have been possible. In the following, the validity of the
determined solution will be proven for another position in the room. In particular, it is
tested whether the parameter sets calibrated with measurement data from position RX1
improve the RT accuracy at position RX2. During the actual calibration, reflections are
taken into account up to the third order at position RX1 only. Afterwards the devia-
tion between measurement and RT is calculated for position RX2 according to Eq. (3-9).
Fig. 3.26 shows CDFs of this deviation. These are based on the results from 100 cali-
bration runs. The initial cost at RX2 is calculated based on the literature values from
Table 3.6. On Contrary to the RT simulations for RX1, here the initial cost function is
relatively high and amounts to 17.6 dB corresponding to a high deviation between RT and
measurements. Regardless of the approach, i.e surface or database calibration, the cost
function significantly decreases after the calibration. The cost functions after calibration
mostly lie between 8 and 9.4 dB. Interestingly, the database calibration outperforms the
surface calibration on average by about 0.7 dB. This can be explained by the drawbacks
of the latter approach mentioned above. Although the cost function is 4 to 5 dB higher









































Figure 3.26: Cost function and angular spread before and after calibration.
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than for RX1, the analysis reveals that the RT accuracy is significantly increased even
at a position which had not been involved in the actual calibration process. Please note
that this has been shown for one RX position only here. Nevertheless, in [Prieb13a] the
presented procedure has been used for RT calibration in the THz regime. There, it could
be shown that it is possible to increase the accuracy even at more than one position which
has not been respected during the calibration.
Additionally, the angular spread is evaluated in order to further verify the calibration ac-
curacy. For the measurements, the angular spread has been presented already in Table 3.5
in Section 3.2.4. Fig. 3.26b compares the measured values with the results from RT be-
fore and after calibration. These data again rely on the average over 100 calibration runs.
However, the results virtually do not vary between the individual runs. Interestingly, the
angular spread is always underestimated by the RT for the initial material parameters.
This agrees with Table 3.6, which shows that the material reflectivity generally increases
after calibration. Hence the amplitudes of the reflected MPCs increase also, which in turn
causes a higher angular spread. As a result the deviations between RT and measurements
are reduced from an average of 0.38 to 0.13. The fact that the improvement is possible
for both RX1 and RX2 confirms the general validity of the calibration approach.
3.4 Concluding Remarks
In this chapter, the spatial and temporal characteristics of the 60 GHz indoor radio
channel have been investigated experimentally. Additionally, the experimental data has
been utilized to calibrate wideband ray tracing simulations.
. Path loss measurements have been conducted in a living room and a conference
room scenario using circular horn antennas and open-ended waveguide antennas.
A full set of parameters has been given to model the distance dependent path
loss for LOS situations. Path loss exponents n are found in between 1.5 and 2.0
dependent on the antenna configuration. Based on these models, the potential
range of 60 GHz systems has been estimated. Concludingly, sub-gigabit data rates
are feasible in both scenarios regardless of the type of antenna, whereas for multi-
gigabit communication highly directive antennas are necessary.
Regarding the small-scale channel features, RMS delay spread and maximum excess
delay values have been determined. The involved highly directive antennas cause a
very low-dispersive channel with small delay spreads of 2 ns and less in most of the
cases. Nevertheless, as the envisaged data rates necessitate symbol durations in the
order of nanoseconds, precautions must be taken against inter-symbol interference.
. The core contribution of this chapter is the experimental characterisation of the
spatio-temporal 60 GHz radio channel within the conference room and a living room.
With AoD- and AoA-dependent measurements in both scenarios it has been possible
to separate single transmission paths in the spatio-temporal domain. Hence, the
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results provide information about the path loss of these MPCs. This is of special
interest as 60 GHz systems have to rely on reflected transmission paths when the
LOS path is blocked, e.g. by a person. It is found that a sufficient number of MPCs
are likely to exist, which can be used to maintain the communication link, if the
LOS path is not available.
Based on the measurements, the angular dispersive channel characteristics have
been evaluated. These are important when beamsteering is applied at both trans-
mitter and receiver, which is planned for 60 GHz communications. Regarding the
distribution of MPCs in the AoA/AoD-domain, diversified situations in one and the
same environment occur. The observed angular spread values lie between 0.25 and
almost 1. This indicates, that there are positions in the room where the received
power is spread over a large angular range as well as positions where the power is
mainly received from a confined direction. The implications of these findings will
be analyzed further in Chapter 5.
The high axial ratio of the horn antennas allowed for a complete characterization
of the polarimetric channel properties. Horizontal and vertical polarization have
been compared by means of measurements, where the TX and RX antennas were
co-polarized. The amplitude of MPCs has been found to be significantly higher in
case of vertically polarized antennas, which is plausible. Moreover, no significant
depolarization is expected for the TX and RX positioned at the same height, which
has been confirmed by measurements with cross-polarized antennas.
. In addition to the conference and living room, measurements have been conducted
in a scenario emulating a data kiosk. It has been shown that multiple reflections
between the data kiosk and the user device may distort the channel. Moreover the
housing material of the data kiosk has a significant influence on the MPCs in the
CIR. E.g. the MPC amplitudes are 5 to 12 dB higher in case of metal compared
to PVC. This in turn causes an increase of the delay spread. In general, the delay
spread is very low and lies between 0 and 1.5 ns. However, in face of the high
envisaged data rates, even a slight temporal dispersion may lead to a performance
degradation.
. Concluding the chapter, the channel measurements have been used to calibrate the
RT scenario data. In contrast to calibration techniques which utilize CIRs only,
here a mapping of experimental and RT data has been done in the spatio-temporal
domain. Consequently, an unambiguous assignment of MPCs is possible. The cali-
bration is based on simulated annealing. Its performance has been demonstrated in
the conference room. In a statistic study based on hundreds of calibration runs, it
has been shown that the deviations between RT and measurements can be signifi-
cantly reduced. Additionally, the fact that the optimum solution does not depend
on the initial material database underlines the robustness of the method.
In order to verify the calibration results, RT has been compared with measurements,
which had not been used for the calibration. It could be shown that in this case
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the RT accuracy increases significantly, which validates that the calibrated scenario
data is considerably more realistic than the initially assumed data.
Concludingly, this chapter presents a comprehensive view of the 60 GHz radio channel in
different indoor environments. The measurements quantitatively describe the propagation
conditions and its results give a first estimation of the performance of multi-gigabit-
systems. In addition, the calibrated RT provides an accurate deterministic channel model.
Together with the human blockage model derived in Chapter 2 it lays the foundation for




Modeling the Human-Induced 60 GHz Channel
Dynamics
In this chapter, one deterministic and two stochastic radio channel models accounting
for human shadowing are proposed. The deterministic model is based on the validated
RT and the MKE model, which has been presented in Chapter 2. The stochastic mod-
els complement the IEEE 802.11ad 60 GHz radio channel model as they introduce the
influence of human shadowing. The first one is a semi-static stochastic snap shot model
derived from extensive deterministic wideband simulations. Statistics are generated for
the probability of cluster blockage and the attenuation due to human-induced shadowing.
The result is a channel impulse response model with the ability to account for multiple
persons. In this approach, each channel realization is generated independently. Hence,
it does not take into account the time-variance of the channel. This is indeed enough
for some applications, but as 60 GHz systems will definitely incorporate non-convential
smart antenna concepts like beamforming, the temporal change of the channel is of great
interest. For this reason, another model has been developed. It also uses blockage proba-
bilities, but additionally emulates the temporal characteristics of human shadowing based
on an empirically derived model. Both models are able to support the design process of
60 GHz indoor communication systems.
The chapter is structured as follows. In Section 4.1, the deterministic wideband human
blockage model is presented and validated. In Section 4.2, extensive simulation data
is produced by means of this model, which are used to derive the semi-static channel
model. The time-variant model together with the underlying measurements is described
in Section 4.3. Additionally, a study about the human induced Doppler shift is presented
in Section 4.4. Section 4.5 concludes the chapter.
Please note that parts of the work presented in this chapter have been already published
by the author in [Czink12,Jacob10d,Jacob11a,Jacob13c,Jacob13b,Jacob09b,Jacob09e,Ja-
cob09g,Jacob10e,Malts10d]. The measurement data used for the validation in Section 4.1
were kindly provided by the Heinrich-Hertz-Institut in Berlin.
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4.1 Deterministic Wideband Modeling of Human
Shadowing
In Chapter 2, different theories for the modeling of human blockage have already been
presented and compared. There, the motivation was to choose one model which should
be incorporated in ray tracing simulations. This hybrid deterministic approach of ray
tracing combined with a diffraction model will be used in Section 4.2 to develop stochastic
channel impulse response models and is the base for the investigations in Chapter 5. In
the following, it will be described how the chosen MKE model is linked to the ray tracing
simulations and then the model is validated with measurements.
4.1.1 Model Description
In Chapter 2, the MKE model has already been described for a single LOS link in presence
of a moving human body. At this point, the enhancement of this functionality to the shad-
owing of reflected MPCs will be given. In principle the implementation is straightforward.
Instead of the interaction between the human body with the LOS link, the interaction
with the reflected rays has to be modeled. For a better understanding, an introductory
example is analyzed, where a person crosses a once reflected ray. Fig. 4.1a illustrates this
scenario. The crossing of the ray leads to two consecutive shadowing events. The first
one can be described by the crossing of the partial ray between TX and the wall. The
























y = 1.6 m
y = 0.3 m
(b) Loss characteristics.
Figure 4.1: Example for the shadowing of a reflected ray, simulated by ray tracing and the
MKE model.
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The corresponding loss characteristic is shown in Fig. 4.1b. The black curve represents
the case when the person walks in parallel to the wall at a distance of ∆y = 1.6 m. In
this case, two distinct consecutive shadowing events occur. When the person steps closer
to the wall and simultaneously affects both parts of the ray path, it may happen that the
two shadowing events temporarily overlap. The losses are then determined by a coherent
superposition of both events. This case with ∆y = 0.3 m is also shown in the figure. Anal-
ogous to the once reflected rays, this methodology is generalized to reflections of arbitrary
order n derived by RT. The number of potential intersections between the person and the
ray is always n+1. After treating each ray this way, the result is a time-variant channel
impulse response. Please note that for the constellation, the person may also have an
impact on the LOS connection, which is not discussed here for the sake of briefness.
Additional information about implementational aspects are given in Appendix B. In order
to verify the model, its results are compared to channel measurements in the following.
4.1.2 Validation with Measurements
The MKE model has been already validated for blocked LOS connections by narrowband
measurements carried out with a simple VNA based setup in Chapter 2. In this context, a
holistic validation is carried out not only for the LOS link, but also for the blocked MPCs.
For this reason, wideband channel measurements have been performed with a real-time
60 GHz channel sounder by the Heinrich-Hertz-Institut, Berlin [Peter12]. A schematic
view of the conference room in which the measurements have been performed is depicted
in Fig. 4.2a. The measurement setup achieves a bandwidth of about 3 GHz at a center
frequency of 60 GHz. The receive signal is recorded by a digital sampling oscilloscope
with an oversampling factor of 6.5. In addition, a Kaiser windowing has been applied in
frequency domain in order to minimize sidelobe effects in time domain. A more detailed
description of the measurements can be found in [Peter12].
These measurements are then compared to the broadband human blockage simulations
developed in this thesis. The simulations are based on frequency domain ray tracing
simulations for the same frequency band and with the same post processing as for the
measurements. In the ray tracing simulations, only a very simple geometrical model of
the conference room scenario has been used. It basically contains the four walls, the floor
and the ceiling. As the aim of this section is not the validation the ray tracing accuracy
itself but the methodology described above, this approach is sufficient. The dielectric
properties are taken from [Peter07]. Fig. 4.2a additionally contains the six most relevant
rays determined by the ray tracer. The first arriving multipath component (MPC 1)
represents the LOS ray. MPC 2 and 3 are the first order reflections at the floor and the
ceiling. The remaining rays are reflections at walls.
Fig. 4.2b shows the comparison between ray tracing and measurement results for the
static case without human activity. This comparison is done in terms of normalized
power delay profiles. Additionally, the rays corresponding to the illustration in Fig. 4.2a
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are indicated by their number. The agreement of the simulated and measured ToAs is
very good for MPC 1 to 4. In case of MPC 5 and 6, the ToAs of both MPCs are similar.
Due to the low complexity of the geometric model no clear assignment of measured to
simulated MPCs is possible as the ToA difference could not be definitely resolved. The
amplitudes of the individual MPCs can differ by up to 8 dB. In addition the ray tracer
was not able to determine all MPCs observed in the measurements. These deviations are
caused by the low complexity of the geometric model, as well as the fact, that the ray
tracer has not been calibrated in this case.
In the time-variant measurements a person crossed the LOS between transmitter (TX)
and receiver (RX) perpendicularly. Measurement snapshots were taken with a period
of approximately 9 ms. The resulting time-variant power delay profiles derived from
measurements and simulations are shown in Fig. 4.3. Again, the rays corresponding to
the illustration in Fig. 4.2a are indicated by their number. The constraints resulting from
the simple geometrical model of the room are again visible. A qualitative comparison,
e.g. for the LOS path, reveals that the general agreement is quite good. Shortly after
the LOS ray, it is noticeable that another MPC occurs before and after the shadowing
event. This MPC is caused by reflections at the human body and is not visible in the
simulated PDP as the simulations do not account for the reflections. A detailed analysis
of this phenomenon will be given in the context of the Doppler spread investigations in
Section 4.4.
The other MPCs are analyzed separately in the following. Therefore, the attenuation
of each of the rays is exemplarily contrasted in Fig. 4.4. As a reference level, the case
without shadowing is assumed here. As stated above, a detailed analysis for the LOS link







(a) Conference Room Scenario.



















(b) Measured and simulated PDP.
Figure 4.2: Scenario and modeled and simulated power delay profiles for a static channel
without human activity.
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Figure 4.3: Modeled and simulated time-variant power delay profiles.
temporal characteristics are also depicted here for the sake of completeness. In case of
reflected rays, the general agreement between model and measurement is good.
Regarding MPC 3, especially the duration and the increase and decrease of the shadowing
event is very well reproduced by the model. In the deep shadow region the attenuation is
overestimated and the oscillations before the shadowing event are underestimated. Rea-
sons for this have already been given in Chapter 2. In case of MPC 4 and MPC 5/6, the
received power is on the one hand already affected by the noise of the receiver. On the
other hand, a slight drop can be observed when the person crosses the LOS path, which
is not visible in the simulated curves. Nevertheless, in both cases the deviations are tol-
erable. MPC 2 illustrates another significant constraint of the model. In this case, the
agreement is quite poor. In contrast to the simulations, not a single but two shadowing
events can be recognized in the measured curve. The reason of this deviation becomes
clear, if we pay attention to the cluster itself. MPC 2 represents the reflection at the floor.
Hence, during the measurements the reflected ray is shadowed by one leg first and then
by the other one. It is needless to say, that this behavior cannot be reproduced by the
simple geometry used in the MKE modeling.
To conclude this section, now a tool is available to realistically model time-variant 60 GHz
radio channels. This tool will now be used to derive stochastic channel models in the
following Sections.
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Figure 4.4: Modeled and simulated MPC power.
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4.2 Stochastic Semi-Static Wideband Radio Channel
Model
Within the IEEE 802.11 Task Group ad, a channel model for 60 GHz WLANs systems has
been developed. Its purpose is to support the evaluation of proposals during the 60 GHz
WLAN standardization process [Perah10]. The main assumption of the model is that
MPCs arrive at the receiver in clusters, wherein the rays are spaced closely in both the
time and angular domain. Besides other features like the information about AoA/AoD
or polarization characteristics, the model also supports non-stationarity arising from the
motion of people. The modeling part for the human shadowing has been done by the
author of this thesis. A short overview of the TGad model is given in Appendix A.
This Section focusses on the human blockage model based on the author’s work for the
IEEE 802.11ad channel model (see Appendix C). The presented approach is based on
ray tracing simulations in combination with the multiple knife edge diffraction model
(see Section 2.2.1.4, p. 26). Human movement is simulated by a random walk algorithm.
Section 4.2.1 introduces the general modeling methodology and Section 4.2.2 presents the
stochastic model as it is included in the TGad channel model. This model is extended by
taking into account multiple persons in Section 4.2.3. Additionally, a first investigation
of the influence of human blockage on the large- and small-scale channel characteristics
is presented.
4.2.1 Modeling Methodology
4.2.1.1 Scenarios and Ray Tracing
According to the main applications of 60 GHz WLAN systems, TGad has defined two
different conference room sub-scenarios [Perah10]. Schematics with all dimensions are
depicted in Fig. 4.5. A large table is placed in the middle of the room, on which possible
stationary devices (STAs) are randomly placed. In the STA-AP sub-scenario, an access
point (AP) is mounted under the ceiling to cover the whole room, whereas in the STA-STA
sub-scenario, the ad-hoc connection between two STAs on the table is considered.
The propagation between TX and RX device is modeled via ray tracing including the
direct path and reflected paths with a maximum of two reflections. Reflections from the
floor are neglected. In the STA-AP sub-scenario the ceiling reflections are also neglected.
The number of clusters is constant for each RX/TX pair and is summarized in Table 4.1.
Exemplary rays are depicted in Fig. 4.5. Altogether, there are 18 clusters in the STA-
STA and 13 clusters in the STA-AP sub-scenario. In both setups, ray tracing simulations
have been performed for a few hundred TX/RX combinations. The goal here has been
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Table 4.1: Number of clusters N for the STA-STA and STA-AP sub-scenarios according
to [Malts10d].
Cluster type STA-STA STA-AP
LOS 1 1
First order reflections (walls) 4 4
Second order reflections (walls) 8 8
First order reflections (ceiling) 1 -
Second order reflections (wall and ceiling) 4 -
STA
AP
1st order reflection 
from wall



















1st order reflection 
from ceiling
1st order reflection 
from wall















Figure 4.5: 3D model of the conference room used for ray tracing. Taken from [Malts10d].
to determine the geometrical characteristics of the different rays in order to respect the
human blockage during post processing based on the ray tracing results.
4.2.1.2 Random Walk Model
The movement of the person is modeled with a random walk algorithm with the aim to
reproduce the non-deterministic motion of people as realistic as possible. For this, MKE
geometry with the dimensions 170 × 45 × 40 cm3 as well as a walking speed of 1 m
s
and a
step length of 60 cm has been assumed as a representation of the walking person. In the
beginning of each simulation run, a random starting point and an initial random walking
direction φ is determined. After this, the person makes one step forward with the specified
walking speed and temporal resolution. Then, a new walking direction is determined by
adding a uniformly distributed angle between +15◦ and -15◦ to the previous angle φ. In
principle, this procedure leads to a random movement with preferential straightforward
direction. When the person reaches a wall or any other obstacle, it is forced to turn
in a preferred direction by incrementing the newly determined angle φ by a uniformly
distributed random variable between 0◦ and 10◦. Effectively, the person walks around the
table in counter clockwise direction. As an example, Fig 4.6 shows a random walk with
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Figure 4.6: Exemplary random walk in top view.
500 positions of the person at intervals of the step length. For the sake of clearness, the
person is represented by a rectangle. Please note, that for the derivation of a semi-static
model as presented in this section, no random walk algorithm would be necessary. A
simple distribution of position and viewing direction would be sufficient. Nevertheless,
this concept is already introduced here, and will be followed up in Chapter 5, where the
temporal behavior of human-induced shadowing is analyzed.
The random walk algorithm in principle works for arbitrary scenarios, as it is implemented
in a way that prohibited areas like furniture or walls can be specified, which the person
must not intersect or move into. In the case of the scenarios considered here, only the
conference table represents a forbidden area.
4.2.2 Stochastic Model for a Single Person
The model presented in this Section has been included in the TGad channel model doc-
ument [Malts10d]. Moreover, the model will be extended from a single person as in the
TGad model to up to 10 persons in the next section. Applying the methodology presented
in the previous section, this section describes the statistical modeling of dynamic human
blockage for the 60 GHz channel model. The data for the stochastic analysis is based on
ray tracing results for 1071 TX/RX combinations equally distributed on the table and a
simulation time of 30 seconds. Together with the temporal resolution of 10 ms this leads
to a database of 3 million snap shots per TX/RX combination.
The influence of a person manifests itself in drops of the received signal power by up to
40 dB (see Fig. 4.4). Such events are used to introduce dynamics to the TGad channel
model. The complexity of the model can be reduced using the simplifying assumption
that the channel realizations are generated independently for random time instances and
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that the blockage events are independent for different clusters. A complete model is then
sufficiently described by
1. Defining the probability of a cluster blockage event and
2. Finding the attenuation distribution of cluster blockage events.
In the following, the derivation of both is discussed.
4.2.2.1 Probability of Cluster Blockage
Besides the LOS path, two types of relevant clusters have been defined in the STA-AP
conference room scenario: four first order reflections and eight second order reflections
from the walls. In case of the first order reflections, the simulation results show that not
more than one single cluster is blocked at a time. The RT and random walk simulations has
lead to the conclusion that the probability for the blockage of one cluster is 0.126. In order
to model this behavior, one of the four clusters is chosen randomly with equal probability.
Then, this cluster is blocked with a probability of 0.126. This procedure is repeated
for the generation of every channel realization. In case of the second order reflections,
the simulations have revealed that multiple clusters can be blocked simultaneously. The
occurence rate of simultaneously blocked clusters is shown in Fig. 4.7a. This PDF can






pkBino (1− pBino)N−k (4-1)
where N is the total number of clusters, k is the number of blocked clusters and pBino
is the probability that one randomly chosen cluster is blocked by a person. Here, the




































Figure 4.7: PDFs of the number of simultaneously blocked clusters for second-order reflec-
tions.
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Table 4.2: Probabilities of clusters blockage for the STA-STA sub-scenario.
Cluster type Probability of single cluster blockage
LOS 0 or 1 (set as model parameter)
First order reflections (walls) 0.24
Second order reflections (wall and ceiling) 0.037
Second order reflections (walls) pBino = 0.175 (binomial distr. parameter)
parameter pBino has been chosen to 0.07 as this leads to a probability of 0.56 that no
cluster is blocked, which agrees with the ray tracing results. The differences between the
ray tracing simulations and the binomial distribution only amount to up to 0.05.
For the STA-STA scenario, statistics have been derived as well. Due to the fact that
both devices are positioned on the table, the first order reflection from the ceiling is not
influenced by human movement and hence has a blockage probability of 0. In case of
first order reflections from walls and second order reflections from walls and ceiling, the
simulation results show that the probability for the simultaneous blockage of multiple
clusters is also 0. The probabilities that a single cluster is blocked are given in Table
4.2. All clusters are chosen with equal probabilities. In case of second order reflections
from walls, the simulations have shown that multiple clusters can be blocked at the same
time. The number of simultaneously blocked clusters is again modeled with a binomial
distribution. The probability for a cluster blockage event amounts to pBino = 0.175,
leading to a probability of 0.215 that no cluster is blocked, which agrees with the ray
tracing simulations (see Fig. 4.7b).
Due to the possible TX and RX locations, the LOS cluster is not influenced by human
movement in either of the scenarios. In order to still account for NLOS situations, as
they may occur in the event that objects are placed on the table, it is proposed to simply
suppress the LOS cluster in the generated channel realization.
4.2.2.2 Attenuation Distributions
A statistical model for the attenuation characteristics due to ray obstruction by a single
moving human body is provided next. Regarding the attenuation characteristics of a
blockage event, the ray tracing/random walk simulations have shown that clusters with
and without a reflection at the ceiling need to be distinguished. The simulation results
have also shown that the attenuation distributions are equal for both sub-scenarios (STA-
STA and STA-AP).
Fig. 4.8 shows histograms of simulated cluster blockage attenuations for the second order
clusters reflected from walls and ceiling as well as for the first/second order clusters
reflected from walls. In addition, analytical approximations are given for the stochastic
modeling. A truncated Gaussian function in log-scale well approximates the attenuation
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(b) Second order clusters reflected from
walls and ceiling.
Figure 4.8: Histograms of simulated power attenuation due to human blockage and ap-
proximation for the STA-STA scenario.
distribution in the case of clusters including ceiling reflection. The parameters of the
Gaussian distribution are µ = 18.4 dB and σ = 8.8 dB. In the case of clusters without a
ceiling reflection the model is given by a truncated Gaussian mixture model (GMM) in





i , for L ≥ Ltrunc
0, else.
(4-2)
Both distributions are proposed to be of second order and truncated at Ltrunc = 0 dB.
The distribution parameters are µ1 = 18.2 dB, σ1 = 8.3 dB, a1 = 0.83, µ2 = 47.2 dB,
σ2 = 10.0 dB, a2 = 0.17.
4.2.3 Stochastic Model for Multiple Persons
In addition to the model for a single person which has been included in the TGad model,
another model is developed in this thesis taking into account up to ten persons. In prin-
ciple, the same methodology as for the single person model is used here. The model is
again completely described by the probability of the number of simultaneously blocked
clusters and the attenuation distribution of the shadowing events.
The only difference is that the movement of up to ten persons is simulated, which is more
realistic than a single person for the conference room scenario. At the beginning of the
simulations, a random starting position is assigned to each person. Then, every person
performs an individual random walk according to the constraints given above.
Please note that for each person individual constant walking speeds have been assumed,
which are uniformly distributed between 0.5 and 1.5m
s
. The person dimensions are the
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same for each person (175 × 50 x 25 cm). In the stochastic model, the number of persons
Npersons is introduced as further degree of freedom.
4.2.3.1 Probability of Cluster Blockage
The simulated probability density functions (PDFs) as well as their approximations for
the STA-AP scenario are shown in Fig. 4.9. For each value of Npersons the probability
distribution density is approximated via least square fitting by a binomial distribution.
Regarding the first order reflections (Figs. 4.9a and 4.9b), one of the four clusters is blocked
with a probability of 5 % assuming a single person. With an increasing number of persons


















(a) First order reflections (RT).


















(b) First order reflections (approximation).






















(c) Second order reflections (RT).






















(d) Second order reflections (approximation).
Figure 4.9: Probability density functions of the number of simultaneously blocked clusters
in the STA-AP scenario.
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(b) STA-STA
Figure 4.10: Cluster blockage probability pBino depending on the number of persons.
the probability of cluster blockage increases as expected. A non-zero probability that two
clusters are blocked occurs for three and more persons.
The statistics of the second order reflections are depicted in Figs. 4.9c and 4.9d. Here, the
probability that no cluster is blocked (blue) decreases exponentially with an increasing
number of persons. The probability for the blockage of one cluster is almost constant,
whereas the probability of more than one blocked clusters increases. For ten persons,
for example, the probability that no cluster is blocked amounts to only 7.6 % compared
to 75 % for one person. Regardless of the reflection order, at least one cluster remains
unaffected by the persons.
For each value of Npersons the probability distribution densities is approximated by a
binomial distribution defined by the parameter pBino. The model parameters have been
determined by a least square fitting. Fig. 4.10a shows the dependency of pBino on the
number of persons NPersons for the STA-AP scenario. As expected, the probability pBino
that a randomly chosen cluster is blocked increases with Npersons. For instance, it amounts
to 5% for a single person and 27% for ten persons in case of the second order reflections.
The probability for the first order reflections is approximately half as that for the second
order reflections. The dependency on the number of persons can be approximated very
well by a linear regression:
pBino (NPersons) = m ·NPersons + c (4-3)
Thus, the PDFs as depicted in Figs. 4.11 are described by only two model parameters.
These parameters are again estimated by least square fitting and can be found in Table
4.3. The table also contains the data for the STA-STA scenario.
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(a) First order reflections from walls (RT).


















(b) First order reflections from walls
(approximation).






















(c) Second order reflections from walls (RT).






















(d) Second order reflections from walls
(approximation).


















(e) Second order reflections from walls and
ceiling (RT).


















(f) Second order reflections from walls and
ceiling (approximation).
Figure 4.11: Probability density functions of the number of simultaneously blocked clusters
in the STA-STA scenario.
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Table 4.3: Parameters for the modeling of simultaneously blocked clusters depending on
the number of persons.
Cluster type STA-STA STA-AP
N m c m c
First order reflections walls 4 0.0304 0.0237 0.0133 0.0033
Second order reflections walls 8 0.0344 0.0381 0.0258 0.0198
Second order reflections wall and ceiling 4 0.0193 0.0099 -
The data basis for the STA-STA scenario is depicted in Fig. 4.11 in terms of probability
densities. The statistics of the first order as well as the second order reflections at the
wall are similar compared to the statistics for the STA-AP scenario. Only the probability
pBino that a cluster is shadowed is slightly higher in this scenario. This can also be
observed comparing Figs. 4.10a and 4.10b. For example, the blockage probability of
a first order reflected cluster is 32% for the STA-STA scenario and 13% in case of the
STA-AP scenario. The reason is that in case of the STA-STA scenario all rays lie in a
horizontal plane at table height, which is intersected by the human bodies in any case.
In this scenario another type of clusters exist: second order reflections from walls and
ceilings. The statistics of these clusters are shown in Fig. 4.11e. They are qualitatively
similar to the first order clusters from the wall, but here the corresponding probability
pBino is generally lower. Again, the agreement between RT/random walk data and the
approximation is very good for all kinds of clusters. The first order reflections from the
ceiling are not affected in any case independent of the number of persons in the STA-STA
scenario. The same holds true for the LOS cluster in both scenarios due to the placement
of the transmitters and receivers. The RMS modeling error between stochastic model and
RT/MKE simulations in both scenarios lies between 2 · 10−3 and 2 · 10−3.
4.2.3.2 Attenuation Distributions
The analysis above has revealed that the probability of the cluster blockage is higher in
the STA-STA scenario due to the fact that TX and RX always lie in a horizontal plane.
The analysis of the attenuation LD shows that the average loss due to human blockage is
also higher in the STA-STA scenario. The reason is that one ray is more likely affected
twice by a single person. This can happen when a person is close to a wall and shadows
Table 4.4: GMM parameters for the attenuation distribution model.
a1 µ1 σ1 a2 µ2 σ2 a3 µ3 σ3
STA-STA 0.39 35.7 15.1 0.18 20.1 3.0 0.43 11.8 11.1
STA-AP 0.14 39.5 12.8 0.16 19.9 9.1 0.70 12.8 11.5
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Figure 4.12: Histograms of simulated attenuation due to human blockage and approxima-
tion by GMM.
the ray before and after the reflection takes place. In addition, the influence of the number
of persons is also higher as the characteristics are steeper for the STA-STA scenario.
It is proposed to use a single attenuation distribution for each scenario based on a statistic
over all simulations for Npersons = 1...10 and all types of clusters. Of course this leads to
errors, which are mainly caused by the fact, that the attenuation generally increases with
the number of persons. However, these errors are on average mostly lower than 3 dB. The
histograms of the attenuation are shown in Fig. 4.12. For the use in the stochastic model,
the histograms have been approximated via least square fitting by truncated third order
GMMs. The model parameters are given in Table 4.4. The RMS modeling error lies in
the order of 1 · 10−3. Both characteristics can be plausibly interpreted. The maximum at
about 20 dB and the tail up to 80 dB represents the deep shadowing area. The maximum
results from the strong fading caused by the interference of the diffracted field components
(i.e. shadowing event in Fig. 4.4a). The main difference between both scenarios is a further
maximum at about 40 dB in case of the STA-STA scenario. The reason for this is that
the it is more likely here that electromagnetic wave interacts twice with the person.
In the following section, the influence of persons on the radio channel is discussed.
4.2.4 Impact of the Number of Persons on the Radio Channel
An implementation of the TGad channel model has been developed by Maslennikov and
Lomayev [Masle10]. It is freely available in terms of MATLAB and C routines [Masle10].
These routines have been extended by the author of this thesis. The functionality of
taking into account multiple persons in the conference room scenario has been added, as
the available implementation only accounts for a single person. This extended model will
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be used to investigate the influence of the number of persons on the channel characteristics.
As figures of merit, the RMS delay spread as well as the receive power have been chosen.
Statistics have been derived for these parameters. In a first step, a total number of
40 different angular-dependent channel realizations is generated for the conference room
scenario without persons. Then, the influence of human blockage is added to the channel
impulse responses according to the procedure described in Section 4.2.3. Altogether, this
is done 200 times for each value of NPersons = [1, 5, 10]. As the last step, the antenna
models included in [Masle10] are applied to the impulse responses. On the one hand,
ideal omnidirectional antennas, on the other hand beamforming antennas with half power
beamwidths of 10° and 50° have been chosen. In the static scenario without persons, the
beamforming antennas are modeled by Gaussian beam patterns steered to the strongest
cluster [Malts10d]. In case of the dynamic scenario, two cases are considered. Once the
strongest cluster is shadowed by a person, the antenna is directed to the strongest of the
remaining clusters. In order to highlight the necessity of beamtracking or beamswitching,
the case where the antenna remains fixed on the blocked cluster and is not switched to
another cluster is also investigated. Summing up all possible parameter combinations, the
results of this study are based on a total number of 128,000 channel impulse responses.
Please note that according to a channel bandwidth of 1.76 GHz, a temporal resolution of
0.463 ns has been chosen.
In order to evaluate the impact on the receive power, ∆P is defined as the difference
between the receive power with and without human blockage averaged over the whole
channel bandwidth. As an example, Fig. 4.13a shows the CDF of ∆P for the STA-AP
sub-scenario and NLOS channels. Here, omnidirectional antennas have been assumed at
the receiver and transmitter side. As expected, human presence causes a decrease of the
received power in most of the cases. This decrease gets stronger as well as more likely
with an increasing number of persons. For a single person, the power remains unaffected
in about 80% of the cases. Regardless of the number of persons, the power is increased
by up to 1 dB in very few cases. This happens, when a cluster is blocked which would
otherwise destructively interfere with another one. Fig. 4.13b illustrates the mean value
as well as the 5%-quantile Q5 of ∆P assuming different antennas. Besides the facts, that
the power decreases with the number of people and that a single person does not affect the
channel, other dependencies can be observed here. ∆P behaves very similarly comparing
the omnidirectional antenna and the 10° beamtracking system. The influence of persons
is relatively low. In 95% of the cases ∆P is smaller than 3 dB. When no beamtracking or
beamswitching is applied, the average power decrease lies in the same order of magnitude
and hence is also low. However, it is noteworthy that in 5% of the cases the received
power drops by more than 25 dB. The explanation for this is as follows. When a highly
directive antenna is pointed to a single cluster, the situation is that one cluster dominates
the channel as the others are mainly suppressed. When the dominating cluster is blocked
and the antenna remains directed at this cluster the signal is highly attenuated. However,
this happens very rarely. A more probable situation is that clusters already attenuated
by the antennas are blocked. These of course do not have a significant influence on the
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(a) Power differences (NLOS).






















(b) Power differences (NLOS).

















(c) RMS delay spread (LOS)























(d) RMS delay spread (LOS)
Figure 4.13: Statistics about the impact of persons on the radio channel.
overall received power. In face of the significantly lower attenuation in the beamtracking
case, it becomes obviously that switching to a stronger cluster, which is unaffected by the
person is essential to maintain the signal quality.
Fig. 4.13c depicts the RMS delay spread CDF for one exemplary CIR and 200 shadowing
realizations. In this case, omnidirectional antennas in the STA-STA scenario under LOS
conditions are assumed. The delay spread amounts to 5.9 ns for the case without shadow-
ing. The qualitative characteristics of the CDFs are similar to the behavior of ∆P . The
presence of persons in the room leads to lower delay spreads as less significant clusters
occur in the impulse response. An increase of the delay spread virtually never occurs.
In Fig. 4.13d the omnidirectional case is compared to the 50° beamtracking system. As
expected, the absolute delay spread is lower for the antenna with the narrower beam. On
average, the delay decreases from 5.9 ns to 5.4 ns and from 0.8 ns to 0.6 ns, respectively.
In case of the omnidirectional antennas, the Q5 values are only slightly lower than the
95
4. Modeling the Human-Induced 60 GHz Channel Dynamics
average. In case of the beamtracking antenna, the delay spread is far below the average
for 5% of the considered channel realizations. It is noteworthy that a further reduction
of the half power beamwidth leads to delay spreads of practically 0, because then only
one single significant multipath component is received. In general, no relevant differences
could be observed between the two sub-scenarios.
Other findings that are not illustrated in Fig. 4.13 include the fact that persons do not
have a significant influence on the received power in LOS situations. This can be traced
back to the fact that in both sub-scenarios the LOS path is not affected by the persons
due to geometric reasons as already described in section 4.2.2. In addition, no general
differences could be observed between the two sub-scenarios.
To conclude the analysis, path loss and delay spread tend to decrease with the number
of persons. This induces that it is definitely important to consider more than one person,
as this is a more realistic assumption for a conference scenario.
The disadvantage of the semi-static human blockage model is that it does not account
for the time-variance of the radio channel. In order to evaluate adaptive antennas a fully
time-variant model is proposed in the next section.
4.3 Stochastic Time-Variant Radio Channel Model
Based on Human Blockage Measurements
In this section, a time-variant radio channel model is proposed based on a hybrid approach
consisting of measurements and the model presented in the last section. The resulting
model can e.g. be used as a dynamic 60 GHz radio channel model for system level sim-
ulations with MAC protocols. Besides the general functionality of providing the channel
access, the MAC layer has a further task in case of 60 GHz systems, namely controlling
the beamforming procedure [IEEE809b]. Measurements and simulations have shown that
the PHY layer performance will be nearly optimal when using a single MPC cluster due
to the resulting flat channel characteristics indicated by low RMS delay spread values
(cf. Chapter 3, and [Malts10a,Nicol10]).
Hence, the MAC layer performance is of special interest as the antenna characteristics
potentially have to be adapted to the new situation resulting from human blockage. In
order to evaluate beamforming strategies of the MAC layer in this case, information about
the time-variance is needed. This information is not included in the semi-static model
presented in Section 4.2 and hence has to be introduced to the channel model, which will
be described in the following. Apart from MAC layer simulations, the model can of course
also be used for simulations of the PHY layer.
The section is organized in two subsections. At first, the measurements are discussed
and the measurement results are presented. Then, the model for human-induced shadow
96
















Figure 4.14: Schematic of living room scenario with TX/RX positions and walking paths.




The propagation measurements were conducted using an Agilent E8361A vector net-
work analyzer and external transmitting and receiving test heads with WR-10 waveguide
flanges. The system has been set up to perform time sweeping with a temporal resolution
of 1.3 milliseconds at a single frequency of 67 GHz. For the measurements, vertically
polarized circular horn antennas (21 dBi gain) with a half-power beamwidth of 10 degrees
have been used at both transmitter and receiver (see Section 3.2.1). The small beamwidth
has been chosen in order to measure the influence of the person on one single transmission
path only. All measurements have been additionally recorded on video. This has been
done in order to analyze the impact of specific movements or the position of the person
on the measurements results.
Two different scenarios have been investigated. The first scenario is a living room equipped
with typical furniture, where a single person has moved on three different specified wal-
king paths (see Fig. 4.14). The receiver position (RX) was kept fixed close to a television
during the measurements, whereas two different transmitter positions (TX1, TX2) were
chosen, both assuring LOS conditions. They were placed at a height of 1.10 meters and
at a distance of 4.38 m and 2.58 m between TX and RX, respectively. These configura-
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(a) Single human-induced shadowing event
with definitions and corresponding model.




















(b) Shadowing events due to the body and the
swinging motion of the hand.
Figure 4.15: Example for temporal characteristics of human-induced shadowing events in
both scenarios.
tions have been chosen in order to emulate a realistic application scenario where a video
streaming device (TX) is connected to a television (RX) and a moving person disturbs
the transmission link.
In case of a blocked LOS path, a reflection at a wall could be used to maintain trans-
mission. This reflected wave in turn can also be disturbed by people. The behavior in
this case was to be examined in the second scenario. The corresponding setup has been
already shown in Fig. 4.1a. The measurements were carried out in a conference room.
Transmitter and receiver were placed at a height of 0.75 meters on a parallel line at a
distance of 2.00 meters to a wall with approximately 10 dB reflection losses. They were
separated by 1.50 meters and directed to the specular reflection point at the wall. The
person was moving parallel to the wall with different walking speeds and at different
distances to the wall.
4.3.1.2 Measurement Results
Fig. 4.15a shows an exemplary shadowing event obtained from measurements (solid line)
in the living room as well as the corresponding shape of the model proposed to describe
this event (dashed line) (cf. Section 4.3.2.1). In Fig. 4.15b, an example for the temporal
characteristics of human-induced shadowing in the reflection scenario is shown. Here, a
significant difference between the two scenarios can be recognized. The natural swinging
motion of the human hand at higher walking speeds causes shorter fading events before
the whole body crosses the propagation path. The reason for the distinct visibility of this
phenomenon is the fact that TX and RX are positioned at a lower height than in the
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living room and the radio wave interacts with the person at the height of the swinging
hands.
Similar to [Collo03a, Collo04, Collo03b], four parameters have been chosen to describe a
shadow fading event (see Fig. 4.15a). The duration tD characterizes the time between the
last zero crossing before and the first zero crossing after the shadowing event. The decay
time tdecay and the rising time trise specify the time span between the zero crossings of the
signal level and a given threshold (10 dB in the figure) in each case. The mean attenuation
Amean is calculated in the interval [
1
3
tD < t <
2
3
tD] and is based on the received power
without the influence of the person. The parameters above mentioned have been analyzed
statistically based on several hundred measurements.
The results for the living room scenario are shown in Fig. 4.16 in the form of CDFs. The
investigations have shown that the drop of signal level happens in the order of tens of
milliseconds. In average the signal decreases by 20 dB in 230 ms, whereas it takes 16 ms
(61 ms) for a drop of 1 dB (5 dB). In 90% of the cases the signal decrease took at least
4 ms for a 1 dB, 27 ms for a 5 dB and 101 ms for a 20 dB threshold. The duration of
a single fading event amounts to 550 ms in average and the mean attenuation Amean lies
























(a) CDF of decay time tdecay.


















(b) CDF of duration tD.
























(c) CDF of rise time trise.
















μ = 13.39, σ =2.02
Measurement
(d) CDF of mean attenuation Amean.
Figure 4.16: CDFs (measurement and model) for the analyzed parameters tdecay, trise, tD
and Amean in the living room.
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Parameter Direct path Reflection
tD 550 ms 460/150 ms
Amean 13.4 dB -
Amax 26.0 dB -
rdecay 82.0 dB/s 167 dB/s
rrise 76.9 dB/s 217 dB/s
Table 4.5: Mean value of the analyzed pa-
rameters.











Figure 4.17: PDF of the parame-
ter tD in the conference
room.
between 6 and 18 dB, whereas the maximum attenuation Amax (not shown) can amount
to up to 36 dB. An overview with the mean values of the analyzed parameters can be
found in Table 4.5. Please note that here not the rise time and the decay time are listed,









The results for the conference room scenario are shown in Fig. 4.17 and Fig. 4.18 in the
form of CDFs for tdecay and trise and a PDF for tD. The CDFs of tdecay and trise are
shown for thresholds of 5, 10 and 15 dB. They have similar shapes as the CDFs for the
living room, but the slew rates based on a 5 dB threshold are significantly higher here and
amount to 167 and 217 dB/s, respectively. This is caused by the shorter distance between
TX and RX and a higher walking speed. In the PDF of tD, the influence of the human
hand can clearly be recognized in terms of two maxima. The duration of the events caused
by the swinging motion of the hands amounts to 150 ms on average, however, these events
occur much less frequently than those caused by the whole body. With a mean value of
460 ms, these events are shorter than in the living room, which is again mainly caused by
a higher walking speed, but also by the shorter distance between TX and RX and hence
a smaller Fresnel zone.
In order to prove whether the measurement results are reasonable, the temporal para-
meters can be estimated with the knife edge diffraction theory (see Section 2.1.1.1). When
a person steps into the zone given by 0.6 times the radius of the first Fresnel zone, the
actual shadowing begins. In case of a distance of 4.38 m between TX and RX, the radius
of the first Fresnel zone amounts to 7 cm. Under the assumption of a constant walking
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(a) CDF of decay time tdecay


















(b) CDF of rise time trise
Figure 4.18: CDFs of the analyzed parameters tdecay and trise in the conference room.
speed of 0.6 m
s
it takes 70 ms until half of the first Fresnel zone is occupied by the person.
This corresponds to a signal drop of 6 dB and hence a slew rate of 85.6 dB/s, which is
very close to the observed value in the living room scenario.
4.3.2 Modeling
In order to cover the influence of human-induced channel dynamics in system level sim-
ulations that include MAC protocols, both wideband characteristics as well as signal
level/SNR degradation may be considered. Therefore, a stochastic model has been de-
veloped that is based on the measurement results presented in Section 4.3.1. This model
emulates the temporal behavior of human-induced shadowing events.
4.3.2.1 Single Shadowing Events
The dashed curve in Fig. 4.15a illustrates the modeling approach for a human blockage
event. The shadowing event A(t) in dB scale is in principle modeled by a series consisting
of a linearly decaying period, a period with a constant attenuated signal level Amean and






Figure 4.19: Geometry for the calculation of the correlated fading..
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periods, the agreement between model and experiment is good, whereas the constant
period disregards fading around the average. These fluctuations possess a specific profile
according to the interference of the two field components diffracted at the front and
the back of the human body (cf. Figs. 4.4 or 4.15). From literature various stochastic
methods are known to generate correlated fading (see e.g. [Rappa96,Clark68,Young00]).
In [Rappa96] for example, a two ray Rayleigh fading model is presented assuming MPCs
with statistically independent amplitude and phase. However, this assumption is not valid
in the present case since both, amplitude and phase of the field components, are strongly
correlated. In order to account for this fact, a deterministic approach is proposed here,
which superimposes the two field components under the assumption of a double knife
edge crossing a LOS link perpendicularly in the middle (cf. Fig. 4.19). The temporal
characteristics then calculates as:









As a simplification, the amplitudes of the diffracted components are assumed to be equal.
Otherwise, more complex electromagnetic calculations would be necessary. This is done in
order to apply as few electromagnetic calculations as possible, so that even users without
a deep knowledge of radio wave propagation are able to implement the model. Due to
this assumption, the constructive interference of both components leads to a minimum
attenuation of
Amin = Amean − 6dB. (4-7)
sfront and sback are the lengths of the diffracted rays. The derivation of both is identical
with the derivation of the reflected rays given below in Eq. (4-12) and Eq. (4-13):
sfront (t) = 2
√(





















In this case, t = 0 corresponds to the middle of the shadowing event where sback = sfront.
In order to achieve realistic values of e.g. fading duration or level crossing rates, the
parameters v, d and s have to be carefully chosen. In this context, it is proposed to
assume a constant body depth of d = 0.38 m, which corresponds approximately to the
person crossing the propagation paths during the measurements. The walking speed can
then be determined from the duration of the shadowing event and the position of the 6 dB
level crossings as already described in Section 2.2.2 on page 32:
v =
d
tD − 6dBrdecay − 6dBrrise
. (4-10)
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Table 4.6: Model parameters
Parameter Distribution Distribution parameters
tD(s) Weibull α = 0.591, β = 6.321
Amean(dB) Gaussian µ = 13.4, σ = 2.0
tdecay,5 dB(s) Gaussian µ = 0.061, σ = 0.026
trise,5 dB(s) Log-Normal η = −2.94, σ = 0.63)
In addition, the parameter s is assumed as the path length of the corresponding MPC.
With this knowledge, a complete shadowing event can be described by:
A(t) =

rdecay · t, for 0 ≤ t ≤ Aminrdecay
20 log10 (|χ (t, Amean)|) , for Aminrdecay ≤ t ≤ tD −
Amin
rrise
rrise · (tDt) , for tD − Aminrrise ≤ t ≤ tD
0, else
(4-11)
The decay rate rdecay as well as the rate of increase rrise can be calculated from the param-
eters trise and tdecay with Eq. (4-4) and Eq. (4-5). Approximate probability distributions
have been derived for all parameters. Therefore, analytical distributions are compared
to the experimental results and validated by the Kolmogorov-Smirnov test with a signifi-
cance level of 1 % [Papou02]. The tested distribution functions are Gaussian, Weibull and
log-normal distribution, whereas the one distribution has been chosen which yielded the
best Kolmogorov-Smirnov test results. Detailed results of the test are omitted here for
the sake of briefness and can be found in [Mbian10]. The type of distribution functions
and the corresponding model parameters according to [Papou02] are given in Figs. 4.16a
- 4.16d as well as in Table 4.6. In case of the parameters trise and tdecay the values for
a 5 dB threshold have been chosen. The actual generation of the channel realizations is
discussed next.
4.3.2.2 Coupling with TGad Channel Model
In the previous subsection the generation of single shadowing events has been described.
The result is a temporal narrowband characteristic of human blockage. Such a single
shadowing event can be further used in system simulations to describe the SNR degrada-
tion for example. In order to extend this model to the usability for wideband applications,
the coupling with the TGad channel impulse response model is described in the following.
The basic procedure is illustrated in Fig. 4.20. A cluster-based TGad channel realization
including the dependency on azimuth and elevation angles (θRX , φRX , θTx, φTx) serves
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Time correlated 
shadow fading of 
part of the clusters
Cluster based 
channel realization, 







h(t, jTX, fRX, jTX, fRX) h(t,t, jTX, fRX, jTX, fRX) h(t,t)
Figure 4.20: Flow chart of the procedure for the coupling of the temporal channel charac-
teristics and the TGad channel impulse response model.
as a starting point. The methods presented in section 4.2.3 are used to determine the
clusters that are affected by human blockage. In contrast to the semi-static snap shot
model in Section 4.2, these clusters are not attenuated independently here, but actually a
temporal coupling between the ray-specific shadowing events is taken into account. That
way, a realistic time-variant channel impulse response h (t, τ) is generated. An exemplary
realization of h (t, τ) for the STA-AP conference room sub-scenario is shown in Fig. 4.21.
For the sake of clarity, only the central rays of each cluster are shown. In the following,
the generation process is described by means of this example. As defined in [Malts10d],
the realization consists of the LOS component and eight MPCs. In this case, the LOS
link as well as three MPCs are affected by human blockage.
The generation of h (t, τ) starts with the randomization of rdecay, rrise, tD and Amean ac-
cording to the PDFs defined beforehand. The geometry and the spatial position of the
propagation paths of different clusters are in general dissimilar from each other. Hence,
a person induces shadowing events of different shapes, different offsets and end times
for each cluster. As a simplification, here the same values of rdecay, rrise, tD and Amean
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(a) Time-variant power delay profile. (b) Cluster power.
Figure 4.21: Exemplary realization of h (t, τ).
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shadowing events of different clusters is expected. This could be taken into account by
analyzing and modeling the relation between the temporal and amplitude characteristics
for different clusters based on simulations in the future. Of course the model complexity
will increase significantly as in general all four parameters are correlated in dependence of
the geometry. However, the simplified case has the advantage, that all shadowing events
have to lie in the interval [0; 2tD[. Otherwise they would not overlap. In order to achieve
a temporal shift of the clusters relative to each other, the offset time is randomized ac-
cording to a uniform distribution between 0 and 2tD. The temporal shift can be very well
recognized in Fig. 4.21b, where the shadowing events of three of the four blocked clusters
are shown. In this figure, the cluster power is normalized to the unobstructed case of the
LOS power.
As stated before, the length of each multipath component is used to determine the fading
characteristics according to Eq. (4-11). This leads to fading with different periods between
minima and maxima (see Fig. 4.21b). In Chapter 2 it has been shown, that the phase of a
shadowing event changes rapidly over time in the shadow region (cf. Fig. 2.16, page 34).
In order to account for this behavior, it is proposed to not only use the amplitude, but
also the phase characteristics of Eq. (4-11) for Amin
rdecay
≤ t ≤ tD − Aminrrise .
The attenuation of clusters yields a set of impulse responses h (t, τ, θRX , φRX , θTx, φTx).
After this, antenna models and beamforming algorithms can be applied to the correlated
channel realizations, so that angle-independent impulse responses h(t, τ) are obtained.
Please note that an ideal omnidirectional antenna has been assumed for the example in
Fig. 4.21 .
Usually, MAC layer simulations are based on a power/SNR basis, not involving wideband
channel simulations as they are too time-consuming [Lan11,Perge11]. Hence, the receive
power/SNR can be easily calculated from the time-variant impulse responses, if needed.
Another rather simplified alternative to the mentioned process would be using Eq. (4-11)
for the direct calculation of the SNR characteristics. Of course, h(t, τ) can also be used
in PHY layer simulations to test the robustness of baseband algorithms in the presence
of a varying channel.
4.4 Doppler Effect
In this thesis, the application scenarios consider transmitters and receivers without the
movement of the devices themselves. Nevertheless, human activity may lead to a Doppler
shift due to time-variant multipath components diffracted or reflected at moving per-
sons. In the mm-wave range, this behavior has already been treated in literature theoreti-
cally [Smuld09,Smuld95,Yang08b,Yang07] as well as experimentally [Bulti98,Morai04,An-
der02]. Nevertheless, a direct comparison between measurement results and simulations
cannot be found and is presented here for the first time.
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Figure 4.22: Geometry for the calculation of the Doppler shift.
In order to estimate the maximum expected Doppler shift, a worst case scenario is exam-
ined here, namely a person perpendicularly crossing the LOS link in the middle with walk-
ing speed v. A schematic with all required geometrical parameters is shown in Fig. 4.22.
Due to the movement of the person, the value of sn varies with time:
sn (t) = -v · t (4-12)
In this symmetrical example, the the ToA of the multipath component reflected at the
front of the person can be derived with its length sr+i taking into account the geometry:
















The ToA of the reflection at the back, after the person has walked through the ray is
determined analogously. Please note that Eq. (4-13) is only valid before and after the
actual shadowing event. Additionally, the term v · t has to be corrected by the body
width, which is omitted in the equation to support ease of reading. In the analysis,
t = 0 is defined in the middle of the shadowing event. Fig. 4.23a and Fig.4.23b depict
enlargements of the LOS MPC from the time-variant measurements presented on page 81
together with a simulation according to the UTD (see section 2.1.1.3). Additionally, the
ToA characteristics expected according to Eq. (4-13) are shown as a dashed line. For the
simulations, the cylinder radius as well as the walking speed have been determined from
the length of the shadowing event as described in section 2.2.2. The UTD simulations
are carried out in frequency domain for the same frequency range that has been used
in the measurements. Afterwards, the results are transformed to the time domain via
IFFT. Here, the same postprocessing procedure (oversampling, Kaiser windowing) as for
the measurements has been applied. In the measurements quasi omnidirectional antennas
have been used.
The simulated PDP agrees quite well with the measured one. In both PDPs, the LOS
component as well as the hyperbolic characteristic of the MPC reflected at the body is
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visible. Close to the actual shadowing event both components interfere, leading to fluctu-
ations of the amplitude. It is noteworthy that the MPCs diffracted around the body are
expected close to t = 0, but could not be resolved in the measurements due to the limited
temporal measurement resolution. Reasons for occurring deviations between measure-
ment are twofold. On the one hand, the perfect reflectivity of the assumed metallic body
does not account for reflection losses due to clothing, for example. In addition, the wal-
king speed in the simulation is assumed to be constant. This was also only approximately
the case during the measurements and also causes deviations.
Additionally, Fig. 4.23c illustrates the suppression of the reflected MPC by directive
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(c) Cylinder UTD, horn antennas.
Figure 4.23: Time-variant PDPs based on broadband measurements and simulations tak-
ing into account only the LOS component (MPC 1).
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have been used in the UTD simulations. This will be additionally analyzed below together
with the discussion of the Doppler shift.
The Doppler shift of the reflected MPC depends on the change of length of sr+i. This












With this knowledge, the time-variant Doppler shift can be determined according to
[Molis05]:












The maximum absolute Doppler shift in this case occurs for t → ∞, because then the
change in length of sr+i is maximal. It hence calculates as:


















maximum Doppler shift of 1.2 kHz would arise (c.f. [Smuld09]). It is noteworthy that in
indoor environments, more complex scenarios appear. On the one hand, different MPCs
will have different Doppler shifts. On the other hand, higher Doppler shifts can occur
in case of multiple reflections at the human body and additional objects like walls or
furniture. In addition, the movement of different persons relative to each other will also
lead to higher Doppler shifts. As higher order MPCs simultaneously exhibit higher losses,
nevertheless, the given case of a person crossing the direct path between TX and RX will
definitely have the highest impact.
The evaluation above is only valid in LOS situations. During shadowing, the Doppler
shift is induced by the change in length of the diffracted rays around the body. In case
of the UTD, these changes correspond to the lengths s′ + w1 + sd and s′ + w2 + sd in
Fig.2.2b on p. 12. Here, the analytical derivation of the Doppler shift is not possible as
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(c) Cylinder UTD, horn antennas.
Figure 4.24: Time-variant PDPs based on narrowband measurements and simulations.
Fig. 4.24a depicts the time-variant Doppler spectrum derived from simulations assuming
omnidirectional antennas. The Doppler spectrum PB (νDoppler) is calculated as the Fourier
transform of the time correlation function RH (∆t) of the time variant transfer function
H (t) [Molis05]. For the calculation of RH (∆t), a time window of 66 ms has been used
corresponding to a distance of about 10λ in order to fulfill the assumption of wide-
sense stationarity. In addition, a Hamming window has been applied before the Fourier
transform. A cylinder radius of 19 cm and a walking speed of v = 0.75 m
s
have been
assumed for the UTD simulations. TX and RX have been separated by 2.63 m. Here, the
narrowband measurements as described in Section 4.3 form the basis for the investigations.
According to Eq. (4-15), a maximum Doppler shift of 335 Hz is expected. It is noteworthy
that due to the limited temporal resolution components of the Doppler spectrum will be
slightly broadened. In the figure, a strong Doppler component is observed for νDoppler = 0,
coming from the time-invariant LOS component. Only in the shadowing area around
t = 0, this component slightly shifts to values of a few ten Hz. This behavior is caused
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(a) Reflection region (t = -0.64 s).




























(b) Shadowing region (t = 0.03 s).
Figure 4.25: Modeled and simulated Doppler spectra for exemplary snap shots.
by the change in length of the diffracted rays around the body mentioned above. The
reflected MPC causes a Doppler shift that decreases with time according to Eq. (4-15).
As expected, the function tends to converge to the value of 335 Hz. In the corresponding
measurements (Fig. 4.24b), this component disappears very fast, when the person moves
away from the LOS link. The explanation for this is that here directive horn antennas have
been used suppressing the reflected MPC (c.f. Fig. 4.23c). Accordingly, the antennas also
suppress components in the Doppler spectrum. For the sake of completeness, Fig. 4.24c
shows the UTD simulation results employing the Gaussian beam patterns. As expected,
in this case, the simulations agree very well with the measurements.
In order to emphasize the difference between the shadowing region and the reflection
region, Doppler spectra are shown for two exemplary snapshots in Figs. 4.25a and 4.25b.
In the reflection region, the constant LOS link leads to a narrow component around
νDoppler = 0 dominating the Doppler spectrum. The reflection at the front of the moving
body causes another bell-shaped peak at 75 Hz in the measurements, according to an
instantaneous change of the MPC length of vr+i = 0.34
m
s
. In the simulations this peak
is slightly shifted to higher values of νDoppler. For both simulation and measurement, this
peak lies more than 50 dB below the LOS peak. This again can be explained by the
assumption of a human body with circular cross section and a constant walking speed
of the person. Please be aware that the bell shape of the Doppler spectra is induced by
the postprocessing of the measurement and simulation data, i.e. the Fourier transform
and the calculation of the time correlation function. Theoretically, infinitesimal peaks
should be expected. In the shadow region, diffraction at the front as well as diffraction
at the back of the person contribute to the Doppler spectrum. Here, measurement and
simulation agree very well. Due to the fact that the LOS is blocked in the shadow region,
here the component at νDoppler = 0 does not exist. As expected, both Doppler components




In this chapter, three different channel models have been presented for the modeling
of human blockage, namely a deterministic time-variant model, a stochastic semi-static
model and a stochastic time-variant model. In addition, the Doppler effect has been
investigated by simulations and measurements.
. At the beginning of the chapter, the coupling of the multiple knife edge model with
ray tracing simulations has been presented. The MKE has already been described
in Chapter 2 and has been extended in this section with the blockage of reflected
multipath components. The methodology has been validated with wideband real-
time channel sounder measurements. With this tool, it is possible to realistically
model the time-variance of the broadband 60 GHz indoor radio channel.
. Based on this validated human blockage model, a semi-static human blockage model
for the IEEE 802.11ad 60 GHz channel model has been developed. The model is
intended to describe the influence of human movement on the 60 GHz channel. It is
based on ray tracing simulations, the multiple knife edge model and a random walk
model. A statistical analysis within a conference room scenario has demonstrated
that different clusters can be blocked simultaneously. Due to geometrical reasons
the LOS cluster is never blocked in this specific scenario. The maximum power
attenuation can be up to 50 dB under usual conditions but as high as 60-70 dB in
the worst case. However, the average values in the shadowing zone lie between 10
and 18 dB. To conclude, the presented model can be used to introduce the human
blockage influence to cluster-based 60 GHz channel models in a realistic way.
. The model has also been extended with the functionality of taking into account up to
ten persons. Remarkably, this extension, which introduces more realistic conditions,
could be achieved without an increase of the model complexity. Additionally, the
influence of the number of persons has been investigated. To conclude the analysis,
both the path loss and delay spread tend to decrease with the number of persons.
Therefore, it is definitely important to consider more than one person.
. Results from a dynamic 60 GHz channel measurement campaign have been pre-
sented. The investigations have shown that the drop of signal level happens in the
order of tens of milliseconds. The measurements in a LOS scenario using directive
antennas have revealed the following results. The 60 GHz signal decreases on av-
erage by 20 dB in 230 ms, whereas it takes 61 ms for a drop of 5 dB. The duration
of a single fading event amounts to 550 ms on average and the mean attenuation
Amean lies between 6 and 18 dB. The investigations have also shown that the shad-
owing event is not symmetrical as well as dependent on the walking speed and that
even the swinging motion of the human hand can have a significant influence on
the radio propagation channel. Similar findings are known from literature. Never-
theless, the targeted analysis of a single multipath cluster and the coupling with a
channel impulse response model are shown for the first time in this thesis. Based on
the measurement results, a full parameter set for the modeling of human-induced
111
4. Modeling the Human-Induced 60 GHz Channel Dynamics
shadow fading events and their application in system simulations with MAC pro-
tocols are provided. With this model time-variant 60 GHz channel realizations can
be generated, which are valuable for the system design of beamforming/-steering
systems for example.
. In addition, the Doppler shift due to human activity has been investigated. Time-
variant Doppler spectra have been derived from simulations as well as from channel
measurements. A comparison reveals that the Doppler behavior at 60 GHz can be
reproduced with the cylinder UTD. Relevant Doppler components are estimated to
lie in the order of 1 kHz at maximum. The measurement results have approved that
directive antennas suppress the influence of multipath power as well as the Doppler
spread on the signal quality. As such antennas are most likely to be deployed, the
influence of the Doppler spread on 60 GHz wireless systems can be expected to be
negligible for nomadic devices.
The models presented here will now be used to show how diversity techniques could help
to overcome the challenges of human blockage.
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Antenna Diversity - Overcoming the Challenges of
Human Blockage
In the previous parts of this thesis it has been shown that human activity has a significant
influence on the spatio-temporal radio channel characteristics at 60 GHz. Furthermore,
the impact on the performance of wireless 60 GHz systems has been already indicated. In
this chapter, methods to counter the problem arising from human activity are analyzed.
Therefore, two studies are presented which evaluate the capability of antenna diversity
techniques to combat the human induced shadowing. These techniques are:
1. Beamforming based on antenna arrays,
2. Macro diversity with multiple TX/RX antennas.
As shown in Chapter 3, the 60 GHz indoor radio channel is rich of MPCs. From the
measurement results presented there, it is known that once and even twice reflected MPCs,
if not blocked, may experience lower losses than the LOS component blocked by a person.
Beamforming based on antenna arrays can be used to enhance the receive power by
utilizing these MPCs when the LOS connection is blocked. Concurrently, the antenna
arrays provide the high gain that is necessary to overcome the high free space loss at
60 GHz. Macro diversity provides methods to mitigate shadow fading by using multiple
antennas at TX and/or RX, which are separated by a sufficient distance. For example,
two receive antennas could be used to establish two potential LOS links. When one link
is blocked, the other one may still be available. In both cases, the validated deterministic
wideband modeling approach as described in Section 4.1 has been used, which combines
the calibrated RT with the MKE human blockage model. This way, the evaluation of the
diversity techniques under realistic conditions is possible.
Please note that parts of the work presented in this chapter have been published already
by the author in [Jacob11b,Jacob13a]. The antenna data used for the study in Section 5.1
was kindly provided by the Institut fu¨r Hochfrequenztechnik (IHF) in Braunschweig and
NXP Semiconductors in Eindhoven. The chapter is divided into three parts. The studies
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on beamforming and macro diversity are presented in Section 5.1 and 5.2. Section 5.3
concludes the chapter.
5.1 Beamforming to Overcome Human Blockage
It is commonly agreed that beamforming/-steering is an appropriate instrument to over-
come the high free space attenuation in the mm-wave region (see e.g. [IEEE809b]). With
beamforming antennas it is possible to achieve a high gain and a large virtual beamwidth
at the same time. The cost for this is an antenna system with a much more complex
signal processing compared to conventional systems employing only passive mostly omni-
directional antennas (e.g. IEEE802.11a/b). In contrast to the conventional systems with
single antennas at TX and RX special importance must be paid to the antenna design
process. Besides the radiation characteristics, additionally the beamforming has to be
optimized on the hardware side and on the software side respectively. The beamforming
has the goal of adapting the radiation characteristics to changing radio channel conditions
which can occur due to human blockage or a movement of TX or RX for example. In
turn, the modified radiation characteristic leads to a different overall channel response.
Hence, time-variant double directional channel models in realistic environments are neces-
sary to evaluate the beamforming performance. In this section, the deterministic channel
model from Section 4.1, which takes into account human blockage, is combined with link
budget calculations for modulation and coding schemes (MCS) of the IEEE802.15.3c stan-
dard [IEEE809b]. Based on this the performance of different antennas is evaluated in the
living room environment.
The section is organized in three parts. At first, the antennas and their characteristics
are introduced. Then, the RT simulations and the coverage calculations are described. In
the third subsection the results are presented.
5.1.1 Antennas Under Consideration
In the following, three different planar antennas as well as an ideal half-wave dipole,
providing an omnidirectional reference, will be analyzed. The planar antennas have been
realized by the IHF and NXP for hardware demonstrators in the framework of the Qstream
project (see Fig. 5.1). A fully polarimetric three-dimensional characterization of the anten-
nas has been carried out using HFSS. The antenna gain patterns are depicted in Fig. 5.1c
and 5.1d. Here, only the azimuth characteristics are shown, because the elevation char-
acteristics have no major impact on the evaluation results. The first antenna is a planar
dipole with a ground plane reflector [Spell12]. The second antenna is a planar dipole array
consisting of two single elements also with a ground plane reflector. These antennas have
a gain of 8.2 and 9.6 dBi. A HPBW of 70◦ and 77◦ in the azimuth plane and 55◦ and 51◦ in
the elevation plane have been determined. The third antenna is a planar 8×4 patch array
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with the capability of beamswitching in the azimuth plane. Here, four different beams
can be selected by choosing a different feed port of a Rotman lens [Herre10b]. The single
beams have a gain of 15 dBi and a HPBW of 19◦ in the horizontal and 17◦ in the vertical
plane. Altogether, the four beams lead to a virtual HPBW of 104◦ (see Fig. 5.1d). Please
note that the gain within the virtual HPBW decreases by more than 3 dB at some angles.
A detailed description of the antenna geometries and designs is omitted here, because the












































(d) Gain of the Rotman lens antenna (dBi).
Figure 5.1: Patterns of the analyzed antennas in azimuth domain.
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focus of the section lies on the evaluation methodology and the performance assessment
under realistic conditions.
5.1.2 Ray Tracing Simulations and Coverage Calculations
In order to analyze the coverage in the living room scenario, ray tracing simulations
have been performed. The receiver (for instance a TV set) has been kept fixed in space.
Channel impulse responses (CIR) have been determined for 2183 different transmitter
positions equally spaced within the whole room. All further calculations are performed
considering the entire scenario. Both the furnishing as well as all dimensions of the
room can be found in Fig. 3.16a on page 60. The polarization of the antennas as well
as polarization changes along the propagation paths are taken into account. The same
antennas are used at both transmitter and receiver. The TX antennas are located 0.9 m
above the floor emulating devices connected to the TV, whereas the RX antenna is located
at a height of 1.4 m. The RX antenna has a fixed orientation in -y-direction. The TX
antennas always point to the direction of the RX. To both antennas, no elevation tilt is
applied. For the Rotman lens antenna all 16 possible combinations of the four beams
have been used in the ray tracing simulations.
In addition to the scenario without human presence, the human blockage model is applied
to the ray tracing results. Here, a scenario is assumed where one person stands directly
between TX an RX and hence blocks the LOS connection in any case, but also attenuates
other clusters. The influence of the person on the CIR is modeled according to the multiple
knife edge model as described in Section 2.2.1.4. It is noteworthy that the term NLOS
in the following explicitly corresponds to positions that are shadowed by furniture and
not by a person. Following this definition approximately 25 % of the links correspond to
NLOS links.
From the ray tracing the propagation loss (Lp) is calculated by a non coherent summation
of the MPC power. In addition, the Rician k-factor has been extracted [Simon05]. This
parameter is a measure for the multipath richness of the CIR. Propagation loss maps
for all analyzed antennas can be found in Fig. 5.2. In case of the Rotman lens antenna,
the TX/RX beam combination with the lowest loss has been chosen. Here, the apparent
unsteadiness in the propagation loss map can be traced back to the Rotman lens antenna
patterns in the elevation plane. The relatively high losses of all antennas close to the TV
can be attributed to the different heights of the TX and RX antennas and the fact that no
down tilt has been used. From Lp the signal-to-noise-ratio (SNR) is calculated according
to:
SNR = PPA − Lp − LRF −NF −N, (5-1)
where PPA is the output of the power amplifier at the transmitter in dBm, LRF are losses
in the RF front ends, NF is the receiver noise figure and N is the thermal noise power in
dBm according to the channel bandwidth of 2.16 GHz. The parameters LRF and NF are
kept fixed to values of 3 dB and 7 dB which is in line with a 45 nm CMOS process. The
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(a) Propagation loss with ideal dipole. (b) Propagation loss with planar dipole.
(c) Propagation loss with planar dipole array. (d) Propagation loss with Rotman lens antenna.
Figure 5.2: Propagation loss maps for the different antennas.
SNR and the k-factor are used to determine the BER for each TX position and the MCS 6,
8, 12 and 13 of the IEEE802.15.3c standard. These MCS employ BPSK, QPSK, 8-PSK
and 16-QAM with LDPC forward error correction (FEC) (code rates 1/2 or 3/4). In
order to account for small-scale effects, analytical expressions for the BER performance
in Rician fading channels have been used ( [Simon05], p.252ff.). It is noteworthy that
these expressions do not account for any FEC. In order to nevertheless consider this it is
assumed that a certain BER is necessary before the error correction to guarantee quasi
error free communication. Unless otherwise indicated this threshold is set to a value
of 10−2. TG3c has also defined an error rate criterion for the different MCSs [IEEE809b].
While their requirements assume AWGN conditions, they are nevertheless slightly more
restrictive as they assume higher noise figures and implementation losses.
For the Rotman lens antenna an ideal beamswitching procedure is assumed, i.e. the
TX/RX beam combination with the lowest BER is always chosen. Depending on the
k-factor and the MCS, the required SNR typically lies between 4 and 23 dB for a BER of
10−2 before any error correction [Simon05]. The coverage probability p is defined as the
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ratio between the number of TX positions with a BER lower than the defined threshold
and the number of all TX positions.
5.1.3 Evaluation Results
The coverage within the scenarios is analyzed by varying the transmit power PPA as well
as the BER threshold and by comparing the different MCS. In Fig. 5.3a the coverage
without human blockage is depicted as a function of output power. In this case the output
power is varied between 0 and 25 dBm for a BPSK modulation (MCS 6 ). The upper limit
of 25 dBm has been chosen because this leads to the maximum allowed average EIRP
(40 dBm) for wireless 60 GHz systems based on the gain of the Rotman lens antenna. In
general, the coverage increases with increasing power. In the case without human blockage
the coverage for the three planar antennas is similar. Nevertheless, at certain coverage
values the dipole array and the Rotman lens antenna outperform the other antennas by
up to 5 dB. At power values above 12 dBm the ideal dipole behaves like the planar dipole
array, whereas below this value the ideal dipole coverage decreases rapidly. This is due to
the fact that lower transmit powers lead to a smaller range because of the low antenna
gain in case of the ideal dipole. In addition, the CIRs in this case exhibit significantly
more MPCs, which leads to lower k-factors and hence a further performance degradation.
For higher transmit powers there is no significant difference between the three dipole,
since NLOS areas cannot be covered regardless of the antenna type for the reason of too
high propagation losses. This is also clearly visible in the figure, as the curves tends to
converge to a value of 75 % which corresponds to the fraction of LOS positions in the
room. Only the Rotman lens antenna is able to cover part of the NLOS areas. Fig. 5.3b


























(a) Without human blockage.


























(b) With human blockage.
Figure 5.3: Output power dependency with and without human blockage for BPSK.
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shows the influence of the human blockage. The coverage is generally lower than without
human blockage, because the presence of a person can diminish the SNR by up to 30 dB
and in addition leads to lower k-factors. Both aspects contribute to a higher bit error
rate. The figure clearly shows that up to a power of 8 dBm no coverage is achieved at all.
At higher powers, a clear ranking according to the gain of the antennas is observed. Here,
the Rotman lens antenna shows its strength of having a large virtual beamwidth paired
with a high gain.
The trends described above are also observed when the coverage in LOS and NLOS situa-
tions without human blockage is compared. Here, an output power of 14 dBm is assumed,
which is feasible with 60 GHz CMOS technology [Zhao11]. Fig. 5.4 shows this comparison




















































Figure 5.4: Influence of BER threshold on coverage (BPSK) for LOS and NLOS situations
and a transmit power PPA of 14 dBm without human blockage.

























(a) Without human blockage.

























(b) With human blockage.
Figure 5.5: Coverage for different MCS (PPA = 20 dBm, BER threshold: 10
−2).
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as a function of the BER threshold. In LOS situations, again a similar behavior of all
planar antennas can be observed, whereas the ideal dipole shows a significantly worse
performance for stricter BER requirements. The reasons for this have been given already
above. At the reasonable threshold of 10−2 before error correction all antennas achieve a
good performance covering between 90 and 95% of the room. In NLOS situations, all an-
tennas have a very low coverage probability, which shows that either higher transmission
powers or higher antenna gains are necessary.
In Fig. 5.5a the coverage is compared for the different MCS assuming an output power
of 20 dBm. In the case without human blockage a data rate of 880 Mbit/s is achieved at
approximately 70% of the positions in the room. The coverage drops to 60% at a data
rate of 5.28 Gbit/s. The difference between the antennas is 3% at maximum. In the case
with human blockage, the Rotman lens antenna again outperforms the other antennas,
but the coverage is very low for all types of antennas, especially for the multi-gigabit
rates. Even the Rotman lens is not capable of covering more than 11 % of the whole room
, with persons affecting the transmission links. This supports the conclusion already
drawn above that an antenna gain even as high as 15 dBi is not sufficient. This holds true
especially in situations where no LOS connection exists or the LOS path is shadowed by
a person.
5.2 Macro Diversity to Overcome Human Blockage
Macro diversity provides techniques to mitigate large-scale fading, which is created by
shadowing effects [Molis05]. Hence, these techniques are suitable to combat the severe
human-induced shadowing at 60 GHz. The term macro diversity implies a relatively large
distance between the redundant antennas. For example in [Garci10c, Schul11, Flame02]
it is proposed to install multiple access points or repeaters at different locations to cover
even small indoor and in-cabin environments. The results, which are derived from mea-
surements as well as simulations, demonstrate the performance increase. However, further
analyses are required as the considered scenarios focus on typical WLAN scenarios only
and the simulation approach in [Schul11] e.g. lacks models for human movement. In
contrast to the mentioned literature, macro diversity is investigated here for constella-
tions, where the diversity antennas are placed in one and the same device, e.g. in a flat
panel display. Especially for video streaming applications, this seems to be a realistic
approach. It is noteworthy that the intention of this section is to solely study possibilities
for the maximization of the SNR at the RX by means of macro diversity. Micro diversity
techniques and space-time codes may also be employed at 60 GHz in order to mitigate
small-scale fading effects [Luo12]. However, they do not lie within the scope of the thesis
as they have no potential to overcome human induced shadowing.
For the evaluation, the concept of selection diversity is chosen [Molis05]. Here, two or
more antennas are applied at the RX device and the antenna with the best signal is
selected for reception. The term best here corresponds to the selection criterion, which
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(a) Person crossing a link with a single TX
antenna and two RX antennas.



























(b) Normalized receive power.











s = 2 m
s = 4 m
s = 6 m
s = 8 m
(c) Duration of shadowing events.
Figure 5.6: Example of a person crossing a LOS link with one TX antenna and two RX
antennas.
can be based for example on the highest receive power or the lowest BER. In principle,
this technique requires only one RF chain if the receive power is used as selection criterion.
Then, the power is monitored before downconversion and demodulation1. Furthermore,
the analysis of this scheme allows statements about the sole diversity gain isolated from
the array gain. The general idea behind the concept is illustrated in Fig. 5.6. Allowing for
a quantitative evaluation of macro diversity the scenario depicted in Fig. 5.6a is studied.
Here a person crosses the direct path between a TX and a RX with two antennas. For
geometric reasons, two temporarily shifted shadowing events can be observed at the RX
antennas (cf. Fig. 5.6b). Applying selection diversity leads to a foreshortening of the
human-induced shadowing event, as can be recognized well in the figure.
The influence of the antenna spacing dRX and of the distance s on the duration tD,0dB
is additionally depicted in Fig. 5.6c. The parameter tD,0dB is defined as the duration of
the shortened shadowing event. As expected, larger antenna spacings lead to a decrease
of tD,0dB, whereas larger values of s lead to an increase of tD,0dB. The shadowing can be
1Please note that it may be easier to implement the monitoring and multiplexing of the signals at an
intermediate frequency, which would make it necessary to realize parts of the RF chain more than once.
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suppressed totally for antenna spacings of 15 to 23 cm depending on the distance between
TX and RX.
In the following sections, a more comprehensive analysis will be presented based on RT
and the MKE model.
5.2.1 Evaluation Methodology and Scenario Description
In this section, the performance benefit of macro diversity is evaluated in a realistic time-
variant scenario. The evaluation methodology is the same as the one used to derive the
stochastic channel model in Section 4.2, i.e. RT simulations in combination with the MKE
model. Human activity is taken into account with independent random walks of up to ten
persons. All simulations have been conducted within the conference room scenario, which
has been introduced in Chapter 3. A schematic of the room can be found on page 48. As
dielectric material parameters, the calibrated values from Tab. 3.6 have been used.
A time span of 60 seconds with a resolution of 50 ms is simulated. This ensures that the
random walk of each person covers the entire room and that all relevant large scale effects
can be resolved. As small-scale effects would impair the evaluation results, the receive
power of a snapshot CIR is determined by a non-coherent power summation of the MPCs.
In addition, a moving temporal averaging over 3 sampling points has been applied to the
time-variant data.
The evaluation focusses on 1× 2 receive diversity (see Fig. 5.7a). Here, two receive an-





(a) RX diversity. (b) TX Diversity.
Figure 5.7: Illustration of the RX diversity simulation scenarios and diversity transmitter
in top view.
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before, the active RX antenna is selected according to the highest receive power among
the two. In order to get statistically meaningful results, the TXs are distributed uniformly
within the whole room at 25 different positions at a height of 1 m. This scenario reflects
a situation where nomadic devices stream video data to the TV.
Additionally, chosen results are presented for 2 × 1 transmit diversity. In this case, the
separation of the antennas (dTX) is limited to values of 25 cm and below (see Fig. 5.7b).
Higher distances are not feasible for nomadic devices like e.g. laptops, tablets or smart-
phones. In contrast to the fixed TV, nomadic devices can have a random angular orien-
tation, which reduces the performance benefit. In order to take this into account in the
statistics, the misalignment angle α is varied between 0◦ and 90◦. Please note that, if the
transmit power is distributed equally to all TX antennas and suitable signal processing
techniques are applied, the TX diversity gain is the same as for RX diversity [Molis05].
At the RX, 6 dBi open-ended waveguides have been assumed. These have been already de-
scribed in Section 3.2.1.2. As they are positioned close to the wall, they illuminate almost
the entire room. At the TX, ideal half-wavelength dipoles (2.16 dBi) have been chosen
because their omnidirectional radiation characteristics make the TX power insusceptible
to antenna misalignment. With this configuration, a 4 m LOS link with a transmit power
of 10 dBm would lead to a receive power of about -62 dBm. This meets the requirements
of the sub-gigabit MCSs defined in the IEEE802.11ad standard for example [IEEE812]. In
order to enhance the link budget to multi-gigabit data rates, higher gain in combination
with beamforming is necessary. However, conventional antennas have been chosen as the
goal of this study is to analyze macro diversity solely. Otherwise beamforming gain could
not be separated from diversity gain.
5.2.2 Evaluation Results
5.2.2.1 Loss and Diversity Gain
In order to analyze the advantage of macro diversity statistics are compiled based on the
time-varying receive power for the RX positions within the entire room. The case without
diversity is taken as reference, i.e. position RX1 in case of RX diversity and position TX1
in case of TX diversity.
Fig. 5.8 shows the statistics of the human-induced shadow attenuation. The statistics are
based on random walks of a single person. The influence of the number of persons will be
analyzed later. Please note that only situations are taken into account where the signal
level without diversity would drop by more than 3 dB. Hence, the CDF for this case has
its minimum at exactly this value. It increases approximately linearly until it reaches
7.5 dB, which corresponds to a probability of 91%. Afterwards, the curves flattens out
and reaches its maximum at 11.8 dB. In Chapter 2 and 4 it has been shown that a single
MPC can experience far higher losses due to human shadowing. However, in this scenario
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Figure 5.8: Attenuation distribution of the losses caused by a single person.
the broad antenna beams at both ends of the communication link guarantee that power
is received from MPCs, which are not affected by the person.
Transmit diversity as well as receive diversity lead to an decrease of the losses. As ex-
pected, higher antenna separations lead to lower losses. RX diversity is able to fully
remove shadowing in 50% of the cases, regardless of the antenna separation. The losses
are in general higher for TX diversity because of the smaller antenna separations. This is
aggravated by the fact that the effective antenna separation is reduced due to the angular
misalignment. Please note that for both kinds of diversity negative loss values occur,
which corresponds to the situation before a shadowing event, where the reflected power
from the human body adds up to the total received power.
In a next step, the diversity gain is analyzed. It is defined as the difference of the
receive power with and without diversity. Statistics about the diversity gain are shown
in Fig. 5.9. In general a non-zero gain can be expected in at least 50 % of the time. This
can be illustrated by looking at Fig. 5.6b. The actual shadowing event for RX1 starts at
approximately t = 0.6 s and ends at t = 1.2 s. Hence the duration amounts to about 0.6 s.
Before and after this event, the receive power at RX1 and RX2 is not significantly different
and diversity provides no gain at all. However, between t = 0.6 s and t = 0.9 s RX2 provides
a higher receive power than RX1. Hence, diversity provides a gain in 50 % of the time.
This percentage even increases with larger antenna separations. Then, the red curve is
shifted to the right. In the best case, the shadowing events do not overlap, which leads
to a gain in 100 % of the time. The CDF in Fig. 5.9a shows that TX diversity provides
a non-zero gain in 85 % of the simulated cases respectively. However, transmit diversity
with separations of 5 cm and 10 cm provides only marginal benefits. The separation of
25 cm leads to slightly better results, but also provides gains of 3 dB or more in only 20 %
of the cases. Due to the higher antenna separation, the performance of RX diversity is
better. In case of dRX = 100 cm for instance, a non-zero gain is achieved in 96 % of the
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Figure 5.9: Distribution of the diversity gain.
Table 5.1: Average loss and diversity gain in dB.
TX Diversity RX Diversity
No Diversity
5 cm 10 cm 25 cm 50 cm 100 cm
Loss 5.5 4.8 3.8 1.7 0.6 5.6
Diversity Gain 0.3 0.7 1.5 3.8 4.9 -
cases and in 91 %, the gain is already higher than 3 dB. The average values of the loss
and the diversity gain are summarized in Table 5.1. It is noteworthy that the benefits
of diversity will increase under the assumption of directive antennas. On the one hand,
the human-induced loss may become higher, which has been shown already in Section
4.2.4. This is caused by the fact that MPCs which are unaffected by the person, may
be suppressed by the narrow antenna pattern. Additionally, the number of shadowing
events, which are fully removed will not significantly change.
5.2.2.2 Influence of the Number of Persons
The analyses above are based on simulations with one person only. Here, the dependency
on the number of persons is studied. The simulations have been performed at a single TX
position in the lower left part of the room. RX diversity with an antenna separation of
100 cm is assumed. In Fig. 5.10a attenuation distributions are shown under the assumption
of three, six and ten persons. It can be recognized that the loss only slightly varies with
the number of persons. For example, the average attenuation increases by 0.1 dB to 0.4 dB
per person with and without diversity. Similar to the results with one person only, the
diversity reduces the losses. This also evident in the CDF of the diversity gain which is
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Figure 5.10: Distributions of attenuation and diversity gain and the influence of the num-
ber of active persons.
shown in Fig. 5.10b. The gain is similar for all numbers of persons and amounts to 3.7 dB
to 4.0 dB in average. In about 30 % of the time no gain can be achieved. Please note that
these results cannot be compared directly to the ones in Fig. 5.9b as the data base is not
the same.
As already shown in Chapter 4, the probability that a single MPC is attenuated strongly
depends on the number of persons in a scenario. This will be discussed together with an
analysis of the duration of shadowing events next. Fig. 5.11 illustrates the dependency of
the relative blockage time (RBT) on the number of persons. In the investigated scenario,
the proportion of time where a single link is affected by a single person amounts to 5 %
only. Affection in this regard corresponds to a signal level drop of 3 dB and more. Without
diversity, the RBT increases to 39 % when ten persons are active within the room. As
the comparison between the RBT characteristics with and without diversity shows, a
significant advantage can be achieved by macro diversity regarding the link availability.
Regardless of the number of persons, the RBT is more than halved by using diversity.
Another countermeasure which could be used against time-variant human blockage, is to
buffer (video) data in a higher layer. Therefore, it is interesting to know the duration of as
well as the time between succeeding shadowing events. As mentioned above, a shadowing
event is defined as a period of time where the loss does not fall below a value of 3 dB in
this Section. CDFs for both the duration tD,3dB and the time between shadowing events
tB,3dB are shown in Fig. 5.12 for three and ten active persons, respectively. The duration
tD,3dB mostly lies between almost 0 and 3.1 s. As expected, diversity generally leads to a
shortening of the shadowing events.
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Figure 5.11: Relative blockage time in the scenario.


































Figure 5.12: CDFs of duration tD,3dB and the time between shadowing events tB,3dB.
Regarding tB,3dB, the shape of the CDFs for the case with and without diversity differ.
For example, in Fig. 5.12b, the median time between two shadowing events is slightly
higher without diversity, whereas the 90%-quantile is lower. A further trend that can be
observed is a slight increase of the duration with the number of persons, whereas the time
between events decreases significantly.
This behavior is also clearly visible in Fig. 5.13. Here the average as well as the 90%-
quantile of tD,3dB and tB,3dB are shown against the number of persons. The average
duration tD,3dB without diversity fluctuates around 700 ms, the 90%-quantile around
1.6 seconds. Only a slight increasing trend with the number of persons can be observed.
Remarkably, diversity reduces the average duration by a factor between 1.6 and 2.1 (see
Fig. 5.13a).
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Figure 5.13: Duration of shadowing events and time between consecutive events. The
curves are shown for the mean values and the 90%-quantiles Q90.
The time between the events decreases exponentially with the number of persons and
converges to a minimum, as can be seen in Fig.5.13b. This behavior is consistent with
the illustrations in Fig. 5.13a and Fig. 5.11. As tD,3dB only slightly decreases and the total
blockage time increases, the time between the shadowing events also has to decrease with
the number of persons. Interestingly, the benefits of diversity regarding tB,3dB vanish if
more than 6 to 7 persons are active in the room. The curves start with values between
14 and 50 s and converge to values of 3 s for the average and 6 s for the 90%-quantile.
Nevertheless, the shadowing events are in average always shorter than the time between
them.
5.3 Concluding Remarks
In this chapter, two different studies have been presented, which investigate the capability
of antenna diversity to overcome the problems arising from human blockage. For this
purpose, the deterministic wideband model from Section 4.1 has been used, i.e. the
combination of RT and the MKE model.
. In the first part of the chapter, the coverage in a living room has been investi-
gated. The goal was to compare the performance of realistic planar 60 GHz antennas,
namely a Rotman lens based beamswitching system and two types of conventional
planar dipole antennas. Furthermore, an ideal half-wave dipole served as an omnidi-
rectional reference. Regarding the planar antennas, an interesting result is that no
significant difference can be observed in non-critical situations (no human blockage
and no obstruction by furniture). The omnidirectional half-wave dipole antenna also
provides good performance under specific circumstances, which proves that omni-
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directional modes, as proposed in the 60 GHz standards, are eligible. However, in
NLOS situations and the human blockage scenario the Rotman lens antenna shows
its strength. The large virtual beamwidth in combination with the high antenna
gain makes it possible to better cope with the human blockage compared to the
other antennas. In addition, the slightly higher gain and the larger HPBW in the
azimuth plane of the dipole array manifests in the slightly better coverage results
in contrast to the planar dipole. Nevertheless, the coverage under the assumption
of human blockage is insufficient for higher order MCSs, which are mandatory for
multi-gigabit data rates, regardless of the type of antenna. This shows the necessity
to max out the allowed EIRP of 40 dBm, for instance by increasing the gain further
or optimizing the radiation characteristics of the antennas.
. In the second part of the chapter, the evaluation of macro diversity in a realistic
conference room scenario has been presented. Here, the time-variant shadowing
has been analyzed statistically by utilizing the calibrated RT tool and the MKE
human blockage model. For nomadic devices such as laptops or smartphones, the
diversity provide only marginal gain as practicable antenna separations are low and
the arbitrary orientation further reduces the effective antenna separation. In case
of higher separations, e.g. at a flat panel display a mean diversity gain of 4 to 5 dB
effectively reduces the human induced loss. The gain is independent of the number
of persons in the scenario. However, the loss slightly increases with the number of
persons, as already shown in Chapter 4.
In addition, the occurence rate and duration of shadowing events have been analyzed
in the conference room with up to ten persons. As expected, the time, of a link
being blocked increases with the number of persons. Diversity leads to a halving
of the relative blockage time. The same holds true for the duration of shadowing
events. The occurence rate increases with the number of persons. However, the





6.1 Summary and Contributions Beyond the State of the
Art
This thesis provides a fundamental contribution to the development of multi-gigabit sys-
tems in the 60 GHz band and focusses on propagation-related research gaps. The thesis
covers all areas, which are necessary for a complete description of the radio channel,
namely delay dispersion, direction dispersion and Doppler dispersion. A simulation envi-
ronment for the deterministic modeling of the time-variant 60 GHz indoor radio channel
has been created. This unique approach which links RT with a newly developed human
blockage model, accurately reproduces the mm-wave radio channel properties. Based on
this, stochastic channel models have been derived and diversity techniques to overcome
human shadowing have been evaluated. Beyond that, individual propagation phenomena
as well as the whole radio channel have been investigated in comprehensive measurement
campaigns.
Detailed conclusions have been presented already in the individual chapters. The following
list condenses them and summarizes the main contributions of this dissertation in the area
of wireless 60 GHz communications:
. A methodical study about the relevance of diffraction in indoor scenarios has
been conducted, which is the first of its kind for the 60 GHz frequency range. The
study comprises measurements as well as UTD and ray tracing simulations. A good
agreement between theory and the experiments could be observed. Furthermore, the
simulation of a typical office scenario has quantized that diffraction at stationary
objects, e.g. furniture, can be neglected due to the high diffraction attenuations
compared to other indirect propagation paths.
. A geometric human shadowing model, which is based on knife-edge diffrac-
tion has been developed. Additionally, a comparative analysis with other mod-
els, namely different circular cylinders and elliptic PEC cylinders, has been carried
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out. It could be shown that in general all mentioned models are suitable to de-
scribe the interaction of human bodies and electromagnetic waves for the envisaged
application in radio channel models. Based on the results of this analysis, the
self-developed multiple knife edge model has been chosen for the use in the thesis
because of its high computational efficiency and accuracy.
. Comprehensive polarimetric spatio-temporal channel measurements have
been conducted, which are rare to find in literature so far. They contribute to the
knowledge of the 60 GHz radio channel as they include both AoA as well as AoD
characteristics. Regarding the distribution of MPCs in the AoA/AoD-domain, it has
been found that in one and the same scenario diversified situations occur, reaching
from moderate to high angular spreads. Besides the spatial characteristics, the
measurements offer valuable information about the large- and small-scale properties
of the channel within different indoor scenarios. Regarding the delay domain, the
measurement results consistently show low-dispersive characteristics with very low
delay spreads and excess delays. Nevertheless, without appropriate precautions,
this would lead to intersymbol interferences, since the envisaged data rates are very
high.
A possible future extension to the measurement procedure is the consideration of
the elevation domain. This could be realized for instance by an extension of the
mechanical measurement setup or the use of antenna arrays in order to scan the
elevation range. This way, e.g. the availability and the efficiency of ceiling reflections
can be investigated, which may be used as an appropriate instrument to combat
human shadowing.
. Additionally, the measurement data has been used for the calibration of RT
scenario data in the spatio-temporal domain. The advantage of this new
approach is that compared to conventional calibration algorithms, an unambiguous
mapping between MPCs from RT and the measurements becomes possible. The RT
accuracy is significantly increased after the calibration procedure. This holds even
for positions in the scenario, which have not been used for the calibration. Hence,
only a small number of measurements is sufficient to calibrate the entire scenario.
In addition, the fact that the accuracy after the calibration does not depend on
the initial assumed material parameters demonstrates the high robustness of the
procedure.
. Three different 60 GHz radio channel models have been developed, taking
into account human shadowing, namely a time-variant deterministic model, a
semi-static stochastic model, and a time-variant stochastic model. The deterministic
model links the calibrated RT and the MKE model and has been used for the
evaluation of the antenna diversity techniques. Additionally, extensive simulations
with this model provide the base for the stochastic models. These allow for a realistic
emulation of the radio channel in the presence of multiple persons without the need
for a deep knowledge of radio wave propagation. Especially the latter model is the
first of its kind for the 60 GHz range as it includes time-variance and a CIR model.
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In principle, the models can be adapted to other frequency ranges as the MKE
model as well as RT is valid for higher and lower frequencies. Of course, attention
has to be paid that all relevant propagation phenomena, like e.g. diffraction or
scattering, are considered in the RT. A possible enhancement of the models could be
the development of more realistic mobility models for the movement of the persons.
. Furthermore, the Doppler dispersion of MPCs reflected and diffracted at a moving
human body has been investigated. This has been done based on measurements and
UTD simulations. Relevant components in the Doppler spectrum are estimated to
lie in the order of 1 kHz at maximum. However, for systems with highly directive
antennas the impact of the Doppler effect on the data transmission is negligible as
the relevant components are suppressed by the antennas.
The quantitative impact of the Doppler shift on the data transmission can only be
evaluated in further simulations, e. g. on the link level. Such simulations go beyond
the scope of this thesis, but should be considered in future work. Furthermore, the
focus in this thesis has been set on scenarios with nomadic TXs and RXs at fixed
locations. Future research could analyze more complex scenarios by e. g. taking into
account use cases with mobile devices.
. Based on the developed time-variant deterministic channel model, two studies have
been conducted, which quantitatively evaluate antenna diversity techniques
to overcome the challenges of human blockage. On the one hand, the sys-
tem performance under the assumption of human shadowing has been compared
for different types of antennas. It has been shown that a high-gain beamswitching
antenna system outperforms conventional antennas, when the LOS path is blocked.
Nevertheless, the benefit of the considered Rotman lens antenna is not as high as
expected. The evaluation has also pointed out that it is necessary to utilizes the
maximum allowed EIRP of 40 dBm in order to combat human shadowing at 60
GHz. On the other hand, the benefits of macro diversity in order to combat human
shadowing have been investigated. Provided that the antenna separation is large
enough, this technique results in an effective shortening of human-induced shadow-
ing events. In several cases, the impact of human shadowing can be suppressed even
completely. Regarding the received power, a diversity gain of several dB could be
observed.
The analyzed methods are of course not the only possible approaches to conteract
human blockage problems. Future analyses may investigate further diversity tech-
niques like e.g. maximum ratio combining or continuous beamsteering approaches.
A hybrid approach of both macro diversity and beamforming would be also con-
ceivable. For this kind of studies, the presented stochastic channel models provide
appropriate tools to evaluate different approaches and support the design of smart
antenna systems.
Of course, the work has been disseminated in order to increase its value for others in
multiple ways as discussed in the next section.
133
6. Summary and Outlook
6.2 Impact and Dissemination of the Work
The outcome of this thesis has been incorporated into different international research and
development fora:
. All mentioned results have been presented to the scientific community in various
journal and conference papers. A list with all relevant publications is given in the
appendix on p. 163ff.
. A major part of the work presented in this thesis has been conducted in the frame-
work of the European MEDEA+ project Qstream - Ultra-high Data-rate Wireless
Communication [Qstre11]. The funding of the author had been gratefully provided
by the Bundesministerium fu¨r Wirtschaft und Technologie (BMWi). In this project
with about 20 scientific and industrial partners, low-cost, highly integrated, ultra-
high-rate streaming applications have been addressed. The author of this thesis had
the sole responsibility for 60 GHz channel modeling, which has been a central part
in the conceptional phase of the project [Jacob10a, Jacob10b]. This work directly
supported the development of three functional prototypes [Silig11,Herre10a,Yu09].
In particular, the developed channel models were part of a cross layer design ap-
proach linking propagation-related simulations with PHY and MAC layer simula-
tions [Perge11].
. The author has also participated in COST2100 (Co-operation in the field of Scientific
and Technical Research), which is a European network of national research projects
related to the area of mobile and wireless communications. Chosen results have been
presented during project meetings and made accessible to the COST2100 members
in the form of technical documents. In addition, the author has been involved
in writing the book chapter about channel measurements in Pervasive Mobile and
Ambient Wireless Communications [Czink12].
. Furthermore, parts of the results have supported the development the IEEE 802.11ad
standard. In this context, the author has introduced human blockage models into
the official channel model document [Malts10d], which has been used for PHY layer
evaluations during the standardization process [Perah10, Malts10a]. The author’s
work and impact in TGad is briefly summarized in the Appendix C.
In conclusion, this thesis provides a self-contained work covering different topics from
fundamental propagation phenomena to a holistic view of the radio channel to the im-
plications of human blockage on the system performance. Beyond that, the presented
concepts and results are valuable for future work and hence have been prepared in a way
that they can be directly used for the design and optimization of 60 GHz systems.
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The IEEE 802.11ad 60 GHz WLAN Channel Model
For a better understanding of parts of this thesis, a basic knowledge of the IEEE802.11ad
60 GHz channel model [Malts10d] is required. To spare the reader the exhausting reading
of the whole channel model documentation a brief overview is given in this appendix.
Therefore, chosen literally excerpts of [Malts10d] are compiled in the following.
A.1 Requirements for Channel Model
In the beginning of the development requirements of the TGad channel model has been
defined:
. Provide accurate space-time characteristics of the propagation channel (basic re-
quirement) for main usage models of interest;
. Support beamforming with steerable directional antennas on both TX and RX sides
with no limitation on the antenna technology (i.e. non-steerable antennas, sector-
switching antennas, antenna arrays);
. Account for polarization characteristics of antennas and signals;
. Support non-stationary characteristics of the propagation channel arising from peo-
ple motion around the area causing time-dependent channel variations.
A.2 General Structure of the Channel Model
The channel model document proposes a channel structure model that provides accurate
space-time characteristics and supports application of any type of directional antenna tech-
nology. The model allows for generating channel impulse responses with and without po-
larization characteristics support. For the sake of description simplicity, this section first
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gives a structure of the channel model without polarization characteristics and then shows
how the model is extended to account for polarization characteristics. The channel impulse
response function for the channel model without polarization characteristics support may
be written using a general structure as:
h (τ, ϕRX , θRX , ϕTX , θTX) =∑
i
A(i)C(i)(τ − T (i),ϕRX − Φ(i)RX , θRX −Θ(i)RX , ϕTX − Φ(i)TX , θTX −Θ(i)TX) (A-1a)
C(i) (τ, ϕRX , θRX , ϕTX , θTX) =∑
k
α(i,k)δ(τ − τ (i,k))δ(ϕRX − ϕ(i,k)RX )δ(θRX − θ(i,k)RX )δ(ϕTX − ϕ(i,k)TX )δ(θTX − θ(i,k)TX )
(A-1b)
where:
. h is a generated channel impulse response.
. τ, ϕRX , θRX , ϕTX , θTX are time and azimuth and elevation angles at the transmitter
and receiver, respectively.
. A(i) and C(i) are the gain and the channel impulse response for i-th cluster respec-
tively.
. δ(•)- is the Dirac delta function.
. τ,ΦRX ,ΘRX ,ΦTX ,ΘTX are time-angular coordinates of i-th cluster.
. α(i, k) is the amplitude of the k-th ray of i-th cluster








TX are relative time-angular coordinates of k-th ray of i-th
cluster.
The proposed channel model adopts the clustering approach with each cluster consisting
of several rays closely spaced in time and angular domains.
A.3 Model Development Methodology
As it follows from the proposed general model structure, the inter cluster and intra cluster
temporal and spatial parameters need to be specified to define the channel model for some
scenario. It was verified by several experimental measurements that 60 GHz propagation
channel is clustered and the clusters correspond with a good accuracy to signal propagation
paths predicted by ray-tracing techniques. This fact was taken into account in the used
channel model development methodology.
The amount of experimental data was limited and to generate the inter cluster charac-
teristics (clusters time of arrival, azimuth and elevation angles of arrival and departure)
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ray-tracing was used. Exploitation of ray-tracing approach allowed for significant increase
in available channel clusters realizations used to derive the statistical channel model pa-
rameters. For example in the conference room scenario, the application of ray tracing
approach allowed to increase the number of channel realizations from about 15 experimen-
tal realizations to 100 000 ray-tracing realizations.
However, intra cluster parameters cannot be predicted using ray-tracing and the intra
cluster structure was derived from available measurement data. The intra cluster model
development was facilitated by the fact that each experimental realization includes several
(typically about 10) channel clusters to average over. Special considerations are required
to support polarization characteristics.
A.4 Usage of Channel Model in Simulations
This section gives a brief description of the channel realization generation process that is
implemented in the IEEE 802.11ad channel model. The whole process of the channel re-




































Input from baseband to 
beamforming algorithms 
(e.g. weight vector for 
antenna array)
Amplitude, time, 







parameters for all 
rays of the 
channel
Amplitude, 
phase, and time 
parameters for all 





response for the 
specified sample 
rate
Figure A.1: Process of channel realization generation. Taken from [Malts10d].
impulse response begins with selecting model input parameters. The next step is generation
of all possible channel clusters between the transmitter and receiver. Amplitude, time, and
angular and polarization characteristics for all clusters are generated. In a real environ-
ment not all the clusters are available for communication, some of the clusters are blocked
by people, furniture, and other objects. To take this into account, a part of the clusters
is blocked in the channel model. The blocked part of the clusters is selected randomly.
Each cluster has an individual probability of being blocked. This probability is independent
from the blockage probabilities of other clusters1. After a subset of non-blocked clusters
1Please note that this part of the model is introduced by the author of this thesis. A detailed description
can be found in Chapter 4
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is defined the intra cluster parameters for each non-blocked cluster are generated. Each
cluster consists of multiple rays and the output of this step includes amplitude, phase,
time, and angular parameters for all rays of the given channel realization. After this step
the generation of channel realization is completed. But in order to be used in a simulation,
antenna models must be applied to the generated realization and it must be converted from
continuous to discrete time. Reference antenna models and beamforming algorithms are
included, which may be applied in the next step of the channel realization generation pro-
cess. The beamforming algorithms may have input from the baseband, for example, setting
the weight vector of antenna array. In the last step the channel impulse is converted from
continuous time to discrete time with the specified sample. After this step the generation
of the discrete time channel impulse response is completed and usable in simulations. To
facilitate the use of this statistical model the IEEE 802.11ad also provides MATLAB code
for the generation of CIRs [Masle10].
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Implementation Aspects of the Multiple Knife Edge
Model
In this appendix, implementation aspects of the multiple knife edge model (see Section
2.2.1.4) will be discussed. This is done in order to illustrate the way the model is included
in the ray tracing simulations.
The main limitations of the knife edge model are the formulation as a two-dimensional
problem only and the fact that it does not take into account polarization. As shown by
the comparison with measurements (cf. Section 2.1.2, p.14ff), the errors caused by the
neglected polarization have no significant impact in most of the practical cases.
In the knife edge theory, the plane in which transmitter and receiver lie must be perpen-
dicular to the knife edge. Considering a three-dimensional propagation scenario, this is
obviously not the general case. In order to extend the model to three dimensions, in this
thesis a plane in which transmitter, receiver and the directional vector between y1 and y2












Figure B.1: Double knife edge with relevant geometry parameters.
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eters are derived according to Fig. B.1. Compared to the three-dimensional polarimetric
UTD (cf. Section 2.1.1.2) significant errors in practical relevant situations only occur in
the deep shadow region and for large deviations from perpendicular incidence.
For the given three-dimensional vectors ~TX, ~RX, ~y1 and ~y2 the relevant relations for the
diffraction at the upper edge can be derived with the help of some auxiliary quantities:
s =
∣∣∣ ~RX − ~TX∣∣∣ (B-1)






∣∣∣~y2 − ~TX∣∣∣ (B-4)
b =
∣∣∣ ~RX − ~y2∣∣∣ (B-5)
a2 = h2 + s21 (B-6)
b2 = h2 + s22 (B-7)

















∣∣∣ ~TX − ~RX∣∣∣ (B-10)
After some algebraic manipulations and together with B-8 all necessary geometry param-
eters are available:
r1 = s · sinα− b · cos β (B-11)
s1 =













2s2 (a2 + b2)− (a2 − b2)− s4
2s
(B-15)
These parameters can now be used to calculate the diffraction loss with the help of (2-
1) to (2-3). In addition, the parameters have to be calculated for the lower knife edge.
Therefore, only the auxiliary quantities
a =
∣∣∣~y1 − ~TX∣∣∣ (B-16)
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∣∣∣ ~RX − ~y1∣∣∣ (B-18)
(B-19)
as well as
r2 = b · sin β (B-20)
have to be re-calculated.
For the total diffraction loss not all edges are taken into account. At first the intersection
point between the TX-RX-connection and the rectangles building the double knife edges
is calculated. If the TX-RX connection intersects with one double knife edge, only this
one is taken into account (cf. Fig. 2.11a, p. 26). If the connection intersects with both
rectangles, only the DKE with the lower loss is taken into account. In addition, the
horizontal diffraction over the person’s head is added (cf. Fig. 2.11b). The derivation
of the geometry parameters for the knife edges corresponding to the diffraction over the
person’s head is omitted here for the sake of briefness. In principle, the procedure is the
same as for the vertical knife edges.
In the case where a ray does not intersect with one of the (double) knife edges (ν < 0),
the distance between the ray and each edge is calculated. If the edge extends into the nth
Fresnel zone, it is assumed to be relevant. Then, the LD,KED is calculated according to
(2-2), whereas the height h in (B-15) has to be multiplied by -1. In any other case LD,KED
is assumed to be 0 dB. The order n of the relevant Fresnel zone has been chosen to be
n = 10, which corresponds approximately to ν = −5. This has been done to reduce the
computional effort, by disregarding irrelevant rays. The value n = 10 is sufficient because
for larger distances the diffracted field is neglegible.
Finally, it should be pointed out, that the diffraction losses have to be calculated sepa-
rately for each knife edge and superimposed afterwards. This is also the case if a multiply
reflected ray interacts with the knife edges several times before and after the reflection
process.
Based on this theoretical considerations, the functionalities have been implemented in
Matlab and are used to introduce human blockage into the ray tracing simulations (cf.
Chapter 4).





IEEE 802.11 Standardization Work
In parallel to this thesis, a comprehensive 60 GHz channel model has been developed
within the IEEE802.11ad Task Group (TGad) [Malts10d]. TGad has been formed in
2009 and strives for the enhancement of the current WLAN standard to achieve higher
data rates. [Perah08] summarizes the goal of this group as follows: This amendment
defines standardized modifications to both the 802.11 physical layers (PHY) and the 802.11
Medium Access Control Layer (MAC) to enable operation in the 60 GHz frequency band
(typically 57-66 GHz) capable of very high throughput. In [Perah09], the initial functional
requirements for 802.11ad are given. A distinction is drawn here between optional and
mandatory features. The mandatory requirement are:
. Devices have to achieve a maximum PHY rate of at least 1 Gbps.
. The system provides mechanisms to ensure coexistence with other systems in the
band including IEEE 802.15.3c systems.
. The TGad amendment has to maintain the network architecture and backward
compatibility of the 802.11 system.
Important optional features are:
. Support of uncompressed video transmission (data rate: 3 Gbps, packet loss rate:
10−8, delay: 2 ms).
. Seamless transfer of an active session from the 60 GHz band to the 2.4/5 GHz band.
. Range of at least 10 meter at 1 Gbps at the MAC data service access point, in some
NLOS PHY channel conditions.
IEEE802 standardization follows a defined procedure. At the early stage of standardiza-
tion, documents describing the evaluation methodology and usage models are developed.
In parallel channel and traffic models are developed to build environments for performance
tests.
143
C. IEEE 802.11 Standardization Work
During this phase, the author of this thesis actively took part in the development pro-
cess of the channel model. Besides other requirements, the channel model should sup-
port non-stationarity characteristics of the propagation channel arising from people mo-
tion around the area causing time-dependent channel variations [Malts10d]. In order
to fulfill this requirement, the author proposed models for the dynamical human block-
age at 60 GHz [Jacob09c, Jacob09b, Jacob09e, Jacob09g, Jacob10e]. These models are
intended for system level simulations with PHY and MAC layer protocols and were com-
pletely adopted to the TGad channel model [Malts10d]. The contributions to TGad
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Acronyms
AoA Angle of Arrival.
AoD Angle of Departure.
AP Access Point.
APP Angular Power Profile.
AWGN Additive White Gaussian Noise.
BER Bit Error Rate.
BMWi Bundesministerium fu¨r Wirtschaft und Technologie.
BPSK Binary Phase Shift Keying.
CDF Cumulative Distribution Function.
CIR Channel Impulse Response.
COST Co-operation in the Field of Scientific and Technical
Research.
DKE Double Knife Edge (Diffraction).
DLNA Digital Living Network Alliance.
DUT Device under Test.
Ecma European Computer Manufacturers Association.
EIRP Equivalent Isotropically Radiated Power.
FEC Forward Error Correction.
FFT Fast Fourier Transform.
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Acronyms
GMM Gaussian Mixture Model.
GPIB General Purpose Interface Bus.
HDMI High-Definition Multimedia Interface.
HFSS High Frequency Structural Simulator.
HHI Heinrich-Hertz-Institut.
HPBW Half Power Beamwidth.
IEEE Institute of Electrical and Electronics Engineers.
IFFT Inverse Fast Fourier Transform.
IHF Institut fu¨r Hochfrequenztechnik.
KED Knife Edge Diffraction.
LDPC Low-Density Parity-Check Coding.
LOS Line-of-Sight.
MAC Medium Access Control.
MCS Modulation and Coding Scheme.
MED Maximum Excess Delay.
MKE Multiple Knife Edge (Diffraction).
MPC Multipath Component.
NLOS Non-Line-of-Sight.
OFDM Orthogonal Frequency Division Multiplexing.
PAL Protocol Adaptation Layer.
PDF Probability Density Function.
PDP Power Delay Profile.
PEC Perfectly Electric Conducting.
PHY Physical Layer.
PVC Poly Vinyl Chloride.
QAM Quadrature Amplitude Modulation.
QPSK Quadrature Phase Shift Keying.
RBT Relative Blockage Time.
RDS RMS Delay Spread.






SC-FDE Single Carrier with Frequency Domain Equalization.




TG3c IEEE802.15.3c Task Group.
TGad IEEE802.11ad Task Group.
TM Transverse Magnetic.
ToA Time of Arrival.
TX Transmitter.
UTD Uniform Theory of Diffraction.
VNA Vector Network Analyzer.
WiGig Wireless Gigabit Alliance.
WLAN Wireless Local Area Network.
WPAN Wireless Personal Area Network.
WR Waveguide Rectangular.
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